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Abstract

Applications like electric vehicle, LED drivers, and portable devices are moving

towards miniaturization. The power management unit of these applications oper-

ating from single voltage source demand better efficiency, compactness, longer bat-

tery life and regulated voltages. To achieve these requirements many single-input

multiple-output (SIMO) DC-DC converters have been proposed in the literature.

This research work focuses on coupled inductor single-input dual-output (CI-SIDO)

converters. The CI-SIDO converter utilizes coupled inductors on one magnetic core

and hence reduces the number of magnetic components. The use of an inversely

coupled inductor offers benefits of reduced current ripple and improved efficiency.

However, due to the coupling of inductor currents, the outputs are coupled and CI-

SIDO converters suffer from cross-coupling and cross-regulation problems. These

issues affect the converter performance and stability. Thus, designing an appropriate

control technique is a fundamental challenge for achieving desired performance and

stability. Hence converter dynamics need to be analyzed and predicted accurately.

The dynamics of CI-SIDO converters are analyzed by developing the small-signal

model using the state-space averaging method. It is inferred that the steady-state

behaviour of CI-SIDO converters is the same as that of single-input single-output

(SISO) dc-dc converters. However, the CI-SIDO converter’s dynamic characteristic

is affected by choice of the coefficient of coupling k. The derived small-signal trans-

fer functions reveal that complex poles and zeros of the converter, cross-coupling

and cross-regulation are affected by choice of k. As a result, with tight coupling

(high value of k), the converter leads to instability with sever cross-coupling and
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cross-regulation effects. Therefore, the moderate coupling is preferred for CI-SIDO

converters.

For CI-SIDO converters, achieving independent regulation of output voltages and

maintaining good dynamic performance are difficult due to cross-regulation and

cross-coupling problems. Therefore, this thesis proposes a decoupled voltage mode

control (VMC) and decoupled average current mode (ACC) control for CI-SIDO

buck converter to address the issues of cross-coupling. The proposed decoupled

method ensures good dynamic performance and is validated using experimental

and simulation results.

To further suppress the cross-regulation, peak current mode (PCM) control is in-

troduced for CI-SIDO converter in this thesis. Compared to the conventional PCM

control of SISO converter, the PCM control of CI-SIDO converter has more complex

structure and stability issues. Therefore, a unified small-signal model is developed

for PCM controlled CI-SIDO converter to predict the instability and dynamic char-

acteristics. Moreover, using the unified small-signal model, the design procedure

for slope-compensation and controller is proposed for PCM controlled CI-SIDO

buck converter. The proposed PCM control suppresses the cross-regulation, cross-

coupling of the CI-SIDO buck converter with good dynamic performance and is

verified through simulation and experimental results.
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î01, î02 Perturbation in load currents

iC1(t), iC2(t) Instantaneous capacitor currents

iC1, iC2 Capacitor currents averaged over switching time period
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1. Introduction

1.1 Introduction

The rapid growth of electric vehicles and portable devices like mobile phones, Laptops,

MP3 players, wireless sensor, etc., is promoting extensive research in their design [3, 4]. The

implementation of numerous features in electric vehicles and portable devices necessitates the

use of multiple voltage supplies with varying voltage levels, which in turn are supplied by a single

rechargeable battery like a Lithium-ion battery or silver-zinc battery. Figure 1.1(a) and Figure

1.1(b) show the block diagram of today’s EVs and portable devices, respectively. As illustrated

in Figure 1.1(a), each sub-module of EVs, like USB, CD player, rain wiper, air conditioner,

lighting system, provides various functionalities and may generally require multiple supplies to

operate. Similarly, as illustrated in Figure 1.1(b), each sub-module of the portable device, like

a modem, a GPS module, a Bluetooth module, an application processor, a memory subsystem,

etc., requires multiple supplies to function. The power management unit (PMU) of EVs and

portable devices provide the different regulated voltages to the numerous sub-modules from

single source. The power management unit (PMU) uses buck converters to step-down, boost

converters to step-up, buck-boost converter to generate negative voltage and linear regulators

to meet the different load requirements.

DC-DC 

Converter

DC-DC 

Converter

DC-DC 

Converter

DC-DC 

Converter

CD Player DC Motor

USB

Battery

Rain wiper

(a)

DC-DC DC-DC

Battery

DC-DC DC-DC DC-DC

Modem
Bluetooth 

Module

GPS 

Module

Application 

processor

Display 

LCD

(b)

Figure 1.1: Block diagram of power management unit of today’s EV and portable devices (a) Electric
vehicle (EV) (b) Portable devices

The conventional implementation of PMU in EVs and portable devices as shown in Figure

1.1 consists of multiple parallel DC-DC converters for the generation of non-isolated voltage
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1.2 Review of Single Input Multiple Output (SIMO) Converters

supplies. The applications where isolation is required employ a flyback or forward converter

with multiple secondary windings to generate multiple outputs [5], [6]. The first approach

requires many power devices, inductors and controllers, which leads to increased size, cost and

reduced efficiency. The second approach has a significant limitation on output voltage scaling

and does not ensure independent control of output voltages [7], [8], [9].

In the present scenario, the main requirement of PMU in these systems is to achieve better

voltage regulation, higher efficiency, longer battery life and at the same time, compact size and

low cost. Therefore, to meet miniaturization, compactness, lower cost, and better efficiency,

many single-input multiple-output (SIMO) converter topologies have been extensively proposed

and studied in recent research. The SIMO converter topologies eliminate many issues of multiple

parallel dc-dc converters. The SIMO topologies allow reduced use of bulky components such

as inductors, power devices which significantly save the overall weight, volume and cost.

1.2 Review of Single Input Multiple Output (SIMO)

Converters

As discussed in the previous section, SIMO converters serve as a good replacement to

multiple DC-DC converters due to the many advantages like reduced cost, size and higher

efficiency. However, SIMO converter topologies present some disadvantages [10]. The main

problem of SIMO converter topologies is cross-coupling and cross-regulation. The variation in

load current of one output affecting the other output voltages is defined as cross-regulation as

shown in Figure 1.2(a). The variation in reference voltage of one output affecting the other

output voltages is defined as cross-coupling as shown in Figure 1.2(b). These issues affect the

system performance and stability in both the steady-state and dynamic state. Moreover, due

to cross-coupling and cross-regulation, the SIMO converter operation, design and control are

quite complex compared to the conventional single output DC-DC converter.

Extensive research has been carried out in the recent literature on the synthesis of SIMO

converter topologies and the implementation of improved control techniques to overcome the

problems of SIMO converter. For the SIMO converter, both isolated and non-isolated topologies

3
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Figure 1.2: Cross-regulation and cross-coupling effect in SIMO converter (a) Cross-regulation (b)
Cross-coupling

are available in the literature. The non-isolated topologies can be further classified based on

the type of inductor configuration: (i) Single inductor SIMO (SI-SIMO) converter, which is

capable of generating multiple outputs by sharing only one single inductor. (ii) Integrated

SIMO converter, which is capable of generating multiple outputs with the reduced number of

switches and integrated inductor. (iii) Coupled inductor SIMO converter, which is capable of

generating multiple outputs by sharing one coupled inductor.

1.2.1 Single Inductor SIMO Converters

Many single inductor SIMO (SI-SIMO) converter topologies have been proposed in literature

based on buck derived topologies [1, 11–13], boost derived topologies [14–17] and buck-boost

derived topologies [18–20]. Moreover, there are many SIMO converter topologies which are

capable of generating buck and/or boost outputs simultaneously [21], inverted output along

with buck, boost output [22]. Figure 1.3 shows the circuit configuration of SI-SIMO buck

converter. The main attraction of an SI-SIMO converter lies in the fact that the converter can

provide multiple regulated output voltages with relatively small size and low cost.

In spite of its advantages, a SIMO converter suffers cross-coupling and cross-regulation

problems among the output voltages when operated in continuous conduction mode (CCM) [10].

4
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Figure 1.3: Single inductor single input multiple output (SI-SIMO) buck converter [1]

Several improved control methods have been proposed for SI-SIMO converters to alleviate the

cross-coupling and cross-regulation problems. The proposed methods are mainly based on

the operating condition of SI-SIMO converters, i.e., discontinuous conduction mode (DCM),

pseudo-continuous conduction mode (PCCM), and continuous conduction mode (CCM).

Time-multiplexing switching scheme is proposed to operate the SI-SIMO converter in DCM

[23–25]. Here, each switching interval is divided into n sub-intervals (for n outputs) and oper-

ated individually. This suppresses the cross-regulation but results in a large current ripple at

heavy load conditions and cannot be performed at heavy load. A freewheel switching scheme

is proposed to operate the SI-SIMO converter in PCCM [26–29]. In this method, an addi-

tional switch is installed across the inductor to freewheel the inductor current, which results

in increased cost and conduction losses. The SI-SIMO converter operated in DCM or PCCM

faces the issues of large current ripple, low current capability and low efficiency. Therefore, an

SI-SIMO converter operated in CCM is preferred if cross-regulation among the output voltages

can be suppressed.

In literature, several voltage-mode and current-mode control methods, including both digi-

tal and analog implementation, have been proposed for SI-SIMO converter operating in CCM

to suppress the cross-regulation problem. A comparator based control method is proposed

in [30–32] for SI-SIMO converter to regulate the output voltages with fast transient response

and low cross-regulation. However, in light load condition, the converter faces issues like regu-
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lation instability and low efficiency. A voltage mode control based on decoupling procedure is

proposed in [33] to regulate the output voltages of SI-SIDO buck converter. A cross-derivative

state feedback control method is proposed [34] to reduce the cross-regulation problem in single

inductor single input dual output (SI-SIDO) buck converter. In this method, a cross-loop com-

pensation network is designed to reduce the cross-regulation. But, other performance parame-

ters like audio-susceptibility, cross-coupling have not been considered. A multi-variable control

technique is proposed in [35] to suppress the cross-regulation in SI-SIDO buck converter. In

this method H∞ theory is used to design controllers. However, to meet the design requirements,

it requires multiple operating points with circuit variations. In [36–40], several digital control

techniques have been conducted in SI-SIDO buck converter to suppress the cross-regulation

problem. In [36], digital control with phase sequence interchange scheme is proposed. In [37],

a digital control based on differential-mode and common-mode output voltages is proposed to

suppress cross-regulation. In [38], [39], predictive voltage control and model predictive cur-

rent control are proposed respectively which generate duty cycles as per low cross-regulation.

In [40], deadbeat control technique is proposed for independent regulation of output voltage.

However, a huge computational burden is present in digital control. To effectively suppress

the cross-regulation several ripple base current control techniques have been implemented for

SI-SIMO converters in [41–46]. A hysteresis current control is proposed for SI-SIMO buck con-

verter in [41] to obtain fast response and low cross-regulation. In [42], peak current common

mode and ripple compare differential mode is proposed for SI-SIDO buck converter to improve

transient response and reduce cross-regulation. In [43], adaptive current mode control is pro-

posed. In [44] and [45], peak current control method is proposed for SI-SIDO buck converter

and SI-SIDO boost converter respectively to suppress the cross-regulation. In [46], capacitor

ripple current control is proposed for SI-SIDO buck converter to suppress cross-regulation and

improve dynamic performance.
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Figure 1.4: Integrated multiple output buck converter [2]

1.2.2 Integrated SIMO Converters

Many integrated SIMO converters based on isolated and non-isolated topologies have been

proposed in the literature to generate multiple outputs with a reduced cross-regulation problem.

These integrated SIMO converter topologies are proposed based on buck derived topologies,

boost derived topologies and simultaneous buck/boost derived topologies with reduced switches.

In [2, 47, 48] integrated non-isolated SIMO converters are proposed which generate only buck

outputs. Figure 1.4 shows the circuit configuration of integrated multiple output buck converter.

In [49], [50] integrated non-isolated dual output converters have been proposed which generate

only boost outputs. In [51–54] a integrated non-isolated SIDO converter is proposed which can

generate simultaneously buck and boost outputs. In [55], integrated isolated SIMO converter

topology is proposed based on flyback converter. In [56], synthesis of integrated SIMO converter

topologies is presented using a reduced number of switches aiming to provide many SIMO

topologies so that based on a specific application, an engineer can select the preferred one.

In [57], integrated SIMO converter is proposed based on SEPIC converter using integrated

inductor. In [58], integrated SIMO converter is proposed which can provide high step down

output voltages. In [59] integrated buck-boost flyback SIMO converter using reduced switches

is proposed. In [60], high compact integrated sepic boost flyback SIMO converter is proposed.

However, this class of converters use multiple inductors or integrated inductors with low

coefficient of coupling (k < 0.3), which does not lead to an effective reduction in the size of the

magnetic core.
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1.2.3 Coupled Inductor SIMO Converters

The SIMO converter using coupled inductor is an effective way to generate multiple outputs

from a single input source with reduced cross-regulation. Since inductor is the largest and

heaviest component in a power electronics converter, use of coupled inductor instead of multiple

independent inductors is an effective way to reduce the size and volume of the converter.

Moreover, the use of coupled inductor reduces ripple, increases efficiency, and increases transient

response. Thus, SIMO converter using coupled inductor reduces the size, weight, volume,

footprint and increases efficiency [61], [62]. Many SIMO converter using coupled inductor have

been proposed in the literature based on isolated and non-isolated topologies. The isolated

topologies are proposed by coupling the filter inductors of multiple output forward converter

[63–65]. In this type of topologies, output voltages are not independently controlled. In [66], [67]

high efficiency SIMO boost converter using coupled inductor is proposed with the utilization

of zero current switching. In [68], single input three output converter using coupled inductor is

proposed based on soft switching technique. However, to incorporate soft-switching technique

additional clamped circuit are used which increases the size of converter. In [69], [70] SIMO

converter using coupled inductor is proposed with power factor correction (PFC) function for

LED drivers. In [71] SIMO converter based on buck outputs is proposed by replacing the single

inductor in SI-SIMO buck converter with a coupled inductor. However, the converter posses

high inductor current ripple which lead to reduce efficiency.

The other effective way of generating SIMO non-isolated converter using coupled inductor

is by coupling the inductors of multiple SISO DC-DC converters. Taking dual output as

an example Figure 1.5(a) shows the configuration of single-input dual-output (SIDO) buck

converter using coupled inductor and is named as CI-SIDO buck converter. Similarly, Figure

1.5(b) shows the CI-SIDO boost converter which is obtained by coupling the inductors of

two boost converters. Figure 1.5(c) show the CI-SIDO boost and buck converter which is

obtained by coupling the inductors of boost and buck converters. In [61], [62] the current

ripple reduction in CI-SIDO buck converter by phase shifting the duty cycles is analyzed.

With the use of inverse coupled inductor and applying phase shift between the duty cycles, the

8
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Figure 1.5: Coupled inductor single input dual output (CI-SIDO) converters (a) CI-SIDO buck
converter (b) CI-SIDO boost converter (c) CI-SIDO boost and buck converter

inductor current ripple is minimized which results in high efficiency and fast transient response.

However, the modelling and design of closed-loop control of CI-SIDO buck converter has not

been analyzed. In CI-SIDO converter, it is observed that due to the coupling of the inductor

currents, the outputs are coupled. As a result the converter suffer from cross-coupling and

cross-regulation problems. These issues affect the converter performance and stability. Thus,

designing an appropriate control technique is a fundamental challenge for achieving desired

performance and stability. Moreover, till date research has been focused on developing control

technique for SI-SIDO converter to reduce cross-regulation and there exists limited research on

reducing the cross-coupling and cross-regulation effects in CI-SIDO converters. Therefore, to

fill the gap in the literature, this thesis analyzes the CI-SIDO converters in detail and proposes

control technique in order to suppress the cross-coupling and cross-regulation problems with

good dynamic performance and stability.

1.3 Motivation for the Thesis

Having discussed the problems of the CI-SIDO converter which have not been solved in the

current literature in the previous section, the motivation to carry out the research work is as

follows:

• Coupled inductor single-input dual-output converter is a preferred candidate compared

to parallel converters due to small volume and reduced current ripple. However, due to

mutual coupling the converter suffers from cross-regulation and cross-coupling problem
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which affects the characteristics of the converter. Therefore, it is essential to study the ef-

fect of mutual coupling on the characteristics of CI-SIDO converter and find out the range

of coefficient of coupling used in the design of coupled inductor for better performance

and stability of the converter.

• It is desirable to achieve independent control of output voltages for more efficient operation

of CI-SIDO converters. However, it is difficult to execute independent regulation due

to the issues of cross-regulation and cross-coupling. Therefore, work on developing a

method of decoupling the cross-coupling problem in CI-SIDO converter under voltage

mode control and average current control is needed.

• Peak current mode (PCM) control is a control scheme widely adapted for dc-dc converters

owing to its merits over voltage-mode control like current limiting, fast transient response,

noise rejection, etc. Thus, the design of PCM control when applied to CI-SIDO converter

needs to be explored.

1.4 Contribution of the Thesis

Based on the motivations, following are the contribution of the thesis:

(i) The small-signal model of CI-SIDO converters is developed to analyze the effect of mutual

coupling on the steady-state and transient characteristics of the converter.

(ii) A decoupled voltage mode control method is proposed for CI-SIDO buck converters using

simple and cost-effective analog controllers, i.e., Type-II/Type-III compensator.

(iii) A decoupled average current control method is proposed for CI-SIDO buck converter

using analog Type-II compensator.

(iv) A unified small-signal model of peak current mode controlled CI-SIDO converters is de-

veloped to analyze the inner current loop dynamics.

(v) The design procedure for slope compensations and Type-II compensator is proposed for

peak current mode (PCM) controlled CI-SIDO buck converter.
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1.5 Organization of the Thesis

The organization of the thesis is as follows:

• Chapter 2 presents the small-signal modelling of CI-SIDO converter using the state-

space averaging technique. The modelling has been done for three topologies of CI-SIDO

converter, i.e., CI-SIDO buck converter, CI-SIDO boost converter, CI-SIDO boost and

buck converter. The developed model is used to study the dynamic of the converter.

• Chapter 3 analyses the effect of mutual coupling on the small-signal characteristic of CI-

SIDO converter and provides the range of coefficient of coupling k that needs to be chosen

for proper operation and control of CI-SIDO converters.

• Chapter 4 proposes a decoupled voltage-mode control (VMC) for CI-SIDO buck con-

verter operating in continuous conduction mode using a simple and cost-effective analog

Type-II compensator. The decoupled VMC improves the closed-loop performance of the

converter by reducing the effect of cross-coupling and is validated through simulation and

experiment.

• Chapter 5 proposes a decoupled average current control (ACC) for CI-SIDO buck con-

verter operating in CCM using Type-II compensator to reduce the cross-regulation and

cross-coupling. The proposed decoupled ACC reduces the cross-coupling and cross-

regulation significantly and is validated through simulation and experiment.

• Chapter 6 presents the unified small-signal model for peak current mode controlled CI-

SIDO converters. The model has been derived for CI-SIDO buck converter, CI-SIDO

boost converter, CI-SIDO boost and buck converter. The unified model developed is

validated through simulation and experiment. Moreover, using the developed small-signal

model, the instability of peak current mode controlled CI-SIDO converter without slope

compensation is predicted and verified through simulation and experiment.

• Chapter 7 proposes a peak current mode control for the CI-SIDO buck converter. The

analysis of PCM controlled CI-SIDO buck converter is carried out using the small-signal
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model developed in Chapter 6, and based on the study, a design procedure for slope

compensation and controller are proposed to reduce cross-regulation and prevent sub-

harmonic oscillation. The proposed PCM control for CI-SIDO buck converter is validated

through simulation and experiment.

• Chapter 8 presents the conclusion of the research work and provides the scope for the

future research.
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2. Analysis and Modelling of Coupled Inductor Single Input Dual Output DC-DC
Converters

2.1 Introduction

Coupled inductor single-input dual-output (CI-SIDO) converters are derived by coupling the

inductor of two single-input single-output (SISO) dc-dc converters. The inductors are inversely

coupled. Figure 2.1(a) shows the CI-SIDO buck converter, which is derived by coupling the

inductors of two buck converters. Figure 2.1(b) shows the CI-SIDO boost converter, which is

derived from two boost converters. Figure 2.1(c) shows the CI-SIDO boost and buck converter,

which is derived by coupling the inductors of the boost converter and buck converter.
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Figure 2.1: Coupled inductor single input dual output (CI-SIDO) converters (a) CI-SIDO buck
converter (b) CI-SIDO boost converter (c) CI-SIDO boost buck converter

2.2 Circuit Operation

The circuit of CI-SIDO converters are shown in Figure 2.1. The circuit consists of one input

voltage source vin, two power MOSFET’s (ST1, ST2), two diodes (SD1, SD2), one coupled induc-

tor with coefficient of coupling k = M√
L1L2

, two output capacitors C1, C2, two load resistances

R1, R2 and two output voltages v01, v02. The switches ST1, ST2 and diodes SD1, SD2 are used

to control the power flow from input to the outputs. The switches ST1, ST2 are controlled by

the gate signals gT1, gT2 generated by pulse width modulation (PWM) and are turned on and

off at the switching frequency fs = 1/Ts with the duty cycles D1 and D2. The output voltages
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2.2 Circuit Operation
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Figure 2.2: Circuit configuration of CI-SIDO buck converter in different modes of operation (a)
Mode I (b) Mode II (c) Mode III (d) Mode IV
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Figure 2.3: Circuit configuration of CI-SIDO boost converter in different modes of operation (a)
Mode I (b) Mode II (c) Mode III (d) Mode IV

v01, v02 are regulated with the duty cycles d1, d2, respectively.

Due to the presence of two switches in CI-SIDO converter, four modes of operation are

possible depending on the state of switches as follows

• Mode I: Both switches ST1, ST2 are ON and both diodes SD1, ST2 are OFF.

• Mode II: Switch ST1 is ON, ST2 is OFF and diode SD1 is OFF, SD2 is ON.

• Mode III: Both switches ST1, ST2 are OFF and both diodes SD1, ST2 are ON.

• Mode IV: Switch ST2 is ON, ST1 is OFF and diode SD2 is OFF, SD1 is ON.
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2. Analysis and Modelling of Coupled Inductor Single Input Dual Output DC-DC
Converters
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Figure 2.4: Circuit configuration of CI-SIDO boost and buck converter in different modes of operation
(a) Mode I (b) Mode II (c) Mode III (d) Mode IV

Figure 2.2 shows the circuit configuration of CI-SIDO buck converter in four modes of opera-

tion. Figure 2.3 shows the circuit configuration of CI-SIDO boost converter in four modes of

operation. Figure 2.4 shows the circuit configuration of CI-SIDO boost and buck converter in

four modes of operation.

Depending to the magnitude of the duty cycles, the CI-SIDO converter operate in three

cases, i.e Case A: D1 > D2, Case B: D1 < D2, and Case C: D1 = D2. The waveforms of the

inductor currents and MOSFET gate signals are shown in Figure 2.5 for continuous conduction

mode (CCM) operation.

Case A: D1 > D2

In this case, the total switching time TS is divided into three switching interval. For the first

switching interval D2Ts, both switches ST1, ST2 are ON, both diodes SD1, SD2 are OFF, the

converter operate in Mode I and the power is provided to both outputs v01, v02 from vin. For

the second switching interval (D1−D2)Ts, only one switch is ON i.e., switch ST1 is ON and ST2

is turned OFF, the converter operate in Mode II and the inductor current iL1 provides power

to v01 from vin, inductor current iL2 freewheels through diode SD2, and provides power to v02.

For the last switching interval (1−D1)Ts, both the switches are OFF, both diodes are ON, the

converter operate in Mode III and the inductor currents freewheels through diodes SD1, SD2

and provides power to v01, v02.
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Figure 2.5: Operating waveforms of CI-SIDO converter for CCM operation

Thus, in this case the converter operates in Mode I-Mode II-Mode III.

Case B: D1 < D2

In this case, the total switching period TS is divided into three switching intervals. For the

first switching interval D1Ts, both switches ST1, ST2 are ON, both diodes SD1, SD2 are OFF,

converter operate in Mode I and the power is provided to both outputs v01, v02. For the second

switching interval (D2−D1)Ts, switch ST2 is ON and ST1 is turned OFF, the converter operate in

Mode IV and the inductor current iL1 freewheels through diode SD1, provides power to v01 and

inductor current iL2 provides power to v02 from vin. For the last switching interval (1−D1)Ts,

both the switches are OFF, converter operate in Mode III and the inductor currents freewheels

through diodes SD1, SD2 and provides power to v01, v02.

Thus, in this case the converter operates in Mode I-Mode IV-Mode III.

Case C: D1 = D2

The gate signal of both switches are equal in this case. Thus, the total switching period TS is

divided into two switching intervals. For the first interval D2Ts, both switches ST1, ST2 are ON,

both diodes SD1, SD2 are OFF, the converter operate in Mode I and the power is provided to

both outputs v01, v02. For the second interval (1−D1)Ts, both the switches are OFF, converter

operate in Mode III and the inductor currents freewheels through diodes SD1, SD2 and provides

power to v01, v02. Thus, in this case the converter operates in Mode I-Mode III.
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2. Analysis and Modelling of Coupled Inductor Single Input Dual Output DC-DC
Converters

2.3 Mathematical Model of Coupled Inductor

Mathematical model of coupled inductor is required to derive the state-space equation and

slopes of inductor currents of CI-SIDO converter. The voltage-current relation of inverse cou-

pled inductor is described as

vL1(t) = L1
diL1(t)

dt
−MdiL2(t)

dt

vL2(t) = L2
diL2(t)

dt
−MdiL1(t)

dt

(2.1)

where, L1, L2 are the self-inductance of each winding and M is the mutual inductance. The

mutual inductance is M = k
√
L1L2, where k is the coefficient of coupling.

The expression in (2.1) can be rearranged as

L
′

1

diL1(t)

dt
= vL1(t) +

M

L2

vL2(t)

L
′

2

diL2(t)

dt
= vL2(t) +

M

L1

vL1(t)

(2.2)

where, L
′
1 = L1(1− k2), L

′
2 = L2(1− k2).

Equation (2.2) are used in deriving the instantaneous inductor current equation of CI-SIDO

converters in Section 2.5.1.1, 2.4.2, 2.4.3.

2.4 Steady-state Analysis of CI-SIDO Converters

The steady-state equation of CI-SIDO converters are derived for the Case A (D1 > D2) and

the steady-state equation remains same for all cases.

2.4.1 Steady-state Analysis of CI-SIDO Buck Converter

For Case A D1 > D2, the converter operates in three mode of operation, i.e., Mode I for

D2Ts interval, Mode II for (D1−D2)Ts interval, Mode III for (1−D1)Ts interval. The inductor

voltages and capacitor currents for all three switching interval can be obtained by applying

kirchhoffs voltage law (KVL) and kirchhoffs current law (KCL) in the circuit configuration

shown in Figure 2.2 and are written as:
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2.4 Steady-state Analysis of CI-SIDO Converters

For intervals:

D2Ts︷ ︸︸ ︷
vL1(t) = vin(t)− v01(t)

vL2(t) = vin(t)− v02(t)

iC1(t) = iL1(t)− i01(t)

iC2(t) = iL2(t)− i02(t)

,

(D1−D2)Ts︷ ︸︸ ︷
vL1(t) = vin(t)− v01(t)

vL2(t) = −v02(t)

iC1(t) = iL1(t)− i01(t)

iC2(t) = iL2(t)− i02(t)

,

(1−D1)Ts︷ ︸︸ ︷
vL1(t) = −v01(t)

vL2(t) = −v02(t)

iC1(t) = iL1(t)− i01(t)

iC2(t) = iL2(t)− i02(t)

(2.3)

By assuming large C1 and C2, v01(t) ≈ V01, v02(t) ≈ V02, i01(t) ≈ i01 and i02(t) ≈ I02 where,

V01, V02, I01, I02 are the corresponding DC values. By applying inductor volt-sec balance

equation which is given by

1

Ts

Ts∫
0

vL1(t)dt = 0 ,
1

Ts

Ts∫
0

vL2(t)dt = 0 (2.4)

Solving the above equation, the output voltages are given by

V01 = D1Vin V02 = D2Vin (2.5)

By applying charge balance equation which is given by

1

Ts

Ts∫
0

iC1(t)dt = 0 ,
1

Ts

Ts∫
0

iC2(t)dt = 0 (2.6)

Solving we get,

IL1 = I01 IL2 = I02 (2.7)

Equation (2.5), (2.7) shows that in steady-state, CI-SIDO buck behaves like a simple buck

while the cross-coupling and cross-regulation effects are absent.

2.4.2 Steady-state Analysis of CI-SIDO Boost Converter

The inductor voltages and capacitor currents for all three switching intervals can be obtained

by applying KVL and KCL in the circuit configuration shown in Figure 2.3 and are written as:
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2. Analysis and Modelling of Coupled Inductor Single Input Dual Output DC-DC
Converters

For intervals:

D2Ts︷ ︸︸ ︷
vL1(t) = vin(t)

vL2(t) = vin(t)

iC1(t) = −i01(t)

iC2(t) = −i02(t)

,

(D1−D2)Ts︷ ︸︸ ︷
vL1(t) = vin(t)

vL2(t) = vin(t)− v02(t)

iC1(t) = −i01(t)

iC2(t) = iL2(t)− i02(t)

,

(1−D1)Ts︷ ︸︸ ︷
vL1(t) = vin(t)− v01(t)

vL2(t) = vin(t)− v02(t)

iC1(t) = iL1(t)− i01(t)

iC2(t) = iL2(t)− i02(t)

(2.8)

By assuming, v01(t) ≈ V01, v02(t) ≈ V02, i01(t) ≈ i01 and i02(t) ≈ I02 where, V01, V02, I01, I02

are the corresponding DC values. By applying inductor volt-sec balance and capacitor charge

balance equation, the steady-state output voltages and inductor currents are given by

V01 =
Vin

1−D1

, V02 =
Vin

1−D2

, IL1 =
I01

1−D1

, IL2 =
I02

1−D2

(2.9)

Equation (2.9) shows that in steady-state, CI-SIDO boost behaves like a simple boost while

the cross-coupling and cross-regulation effects are absent.

2.4.3 Steady-state Analysis of CI-SIDO Boost and Buck Converter

The inductor voltages and capacitor currents for different switching intervals can be obtained

by applying KVL and KCL in the circuit configuration shown in Figure 2.4 and are written as:

For intervals:

D2Ts︷ ︸︸ ︷
vL1(t) = vin(t)

vL2(t) = vin(t)− v02(t)

iC1(t) = −i01(t)

iC2(t) = iL1(t)− i02(t)

,

(D1−D2)Ts︷ ︸︸ ︷
vL1(t) = vin(t)

vL2(t) = −v02(t)

iC1(t) = −i01(t)

iC2(t) = iL2(t)− i02(t)

,

(1−D1)Ts︷ ︸︸ ︷
vL1(t) = vin(t)− v01(t)

vL2(t) = −v02(t)

iC1(t) = iL1(t)− i01(t)

iC2(t) = iL2(t)− i02(t)

(2.10)

By assuming, v01(t) ≈ V01, v02(t) ≈ V02, i01(t) ≈ i01 and i02(t) ≈ I02 where, V01, V02, I01, I02

are the corresponding DC values. By applying inductor volt-sec balance and capacitor charge

balance equation, the steady-state output voltages and inductor currents are given by

V01 =
Vin

1−D1

, V02 = D2Vin , IL1 =
I01

1−D1

, IL2 = I02 (2.11)
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2.5 Small-signal Modelling of CI-SIDO Converters

Equation (2.11) shows that in steady-state, CI-SIDO boost and buck converter behaves like a

simple boost and simple buck, while the cross-coupling and cross-regulation effects are absent.

2.5 Small-signal Modelling of CI-SIDO Converters

The application of the CI-SIDO converter demands the output voltages to remain constant

irrespective of the variation in input voltage and load currents. This is accomplished by de-

signing a feedback system such that the output voltages are regulated and becomes insensitive

to the disturbance in input voltage and load currents. To design the feedback system and

understand the dynamics of the CI-SIDO converter, i.e., how output voltages are affected by

the variation in input voltage, load currents and duty cycles, we need a small-signal model of

the CI-SIDO converter. The small-signal model of the CI-SIDO converter is derived using the

state-space averaging technique [72], [73–76]. Based on the averaging method, firstly, a set of

linear equations is derived called an average state-space equation that describes the complete

dynamics of the converter. Secondly, a small-signal averaged model is derived by applying

perturbation and linearization to the averaged state-space equation to obtain the converter’s

small-signal transfer functions.

Average State-Space Equations

The derivation of average state-space equations for CI-SIDO converter is shown considering

Case A D1 > D2. The average state-space equations remain the same for Case B and Case C

as well.

From Figure 2.5, it is observed that CI-SIDO converter in continuous conduction mode

(CCM) operate in three modes of operation in an entire switching period Ts. That means

converter operates in Mode I (both switches ON) during d2Ts interval, Mode II (one switch

OFF) during (d1 − d2)Ts interval and Mode III (both switch OFF) during (1 − d)Ts interval.

The circuit configuration in three operating modes are different. In each mode, the converter

circuit is linear time-invariant as shown in Figure 2.2, 2.3, 2.4. Thus, the CI-SIDO converter
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2. Analysis and Modelling of Coupled Inductor Single Input Dual Output DC-DC
Converters

x

A1x+B1u

A2x+B2u A3x+B3ux(t)

Ax+Bu
x(0) x(Ts)

sT1 sdT2 sd T

Figure 2.6: Relation between an element of state vector with its average in one switching period

can be described by a set of state-space equations in each mode and is given below:

Mode I (0 < t < d2Ts) :


ẋ(t) = A1x(t) + B1u(t)

y(t) = C1x(t) + D1u(t)

Mode II (d2Ts < t < d1Ts) :


ẋ(t) = A2x(t) + B2u(t)

y(t) = C2x(t) + D2u(t)

Mode III (d1Ts < t < Ts) :


ẋ(t) = A3x(t) + B3u(t)

y(t) = C3x(t) + D3u(t)

where,

Ai, Bi, Ci, Di denote the state-space matrices for ith state of the converter, x(t) denotes state

variable vector, u(t) denotes input variable vector, y(t) denotes output variable vector, and

i = {1, 2, 3}. The vector representation of the state variable, input variable, and output vector

are x(t) = [iL1(t) vC1(t) iL2(t) vC2(t)]
T , u(t) = [vin(t) i01(t) i02(t)]

T , y(t) = [v01(t) v02(t)]
T .

The averaged state-space equation for the entire switching period Ts is obtained by averaging

the state-space equations of all three switching intervals and is given by:

ẋ = Ax + Bu

y = Cx + Du

(2.12)

where,

A = A1d2 + A2(d1 − d2) + A3(1− d1)

B = B1d2 + B2(d1 − d2) + B3(1− d1)
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2.5 Small-signal Modelling of CI-SIDO Converters

C = C1d2 + C2(d1 − d2) + C3(1− d1)

D = D1d2 + D2(d1 − d2) + D3(1− d1)

Equation (2.12) is the averaged state-space model which describes the dynamics of the converter.

The variation of a element of x(t) and its average are shown in Figure 2.6.

Small Signal Perturbation and Linearization

Considering the feedback circuit disable, the perturbation in the input variables and duty

cycles causes perturbation in the steady-state value of inductor currents, capacitor voltages and

output voltages. Perturbation is the low-frequency sinusoidal waveform superimposed on the

DC nominal value. The averaged state variable vector, input variable vector, output variable

vector and control variables can be written as:

x = X + x̂ y = Y + ŷ u = U + û d1 = D1 + d̂1 d2 = D2 + d̂2

where X, Y, U, D1, D2 are the nominal DC values of x, y, u, d1, d2 and x̂, ŷ, û, d̂1, d̂2

are the perturbation in X, Y, U, D1, D2.

Due to the perturbation in the duty cycles, the average state-space matrices A, B, C, D

get affected and can be written as:

A = A1d2 + A2(d1 − d2) + A3(1− d1)

= A1D2 + A2(D1 −D2) + A3(1−D1) + (A1 −A2)d̂2 + (A2 −A3)d̂1

= Aav + (A1 −A2)d̂2 + (A2 −A3)d̂1

B = B1d2 + B2(d1 − d2) + B3(1− d1)

= B1D2 + B2(D1 −D2) + B3(1−D1) + (B1 −B2)d̂2 + (B2 −B3)d̂1

= Bav + (B1 −B2)d̂2 + (B2 −B3)d̂1

C = C1d2 + C2(d1 − d2) + C3(1− d1)

= C1D2 + C2(D1 −D2) + C3(1−D1) + (C1 −C2)d̂2 + (C2 −C3)d̂1

= Cav + (C1 −C2)d̂2 + (C2 −C3)d̂1
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2. Analysis and Modelling of Coupled Inductor Single Input Dual Output DC-DC
Converters

D = D1d2 + D2(d1 − d2) + D3(1− d1)

= D1D2 + D2(D1 −D2) + D3(1−D1) + (D1 −D2)d̂2 + (D2 −D3)d̂1

= Dav + (D1 −D2)d̂2 + (D2 −D3)d̂1

Inserting all the perturbations variables in the averaged state-space equations (2.12), gives:

d[X+x̂]
dt

= [Aav + (A1 −A2)d̂2 + (A2 −A3)d̂1][X + x̂]

+[Bav + (B1 −B2)d̂2 + (B2 −B3)d̂1][U + û]

Y + ŷ = [Cav + (C1 −C2)d̂2 + (C2 −C3)d̂1][X + x̂]

+[Dav + (D1 −D2)d̂2 + (D2 −D3)d̂1][U + û]

(2.13)

The derivation of constant is zero, the above expression can be written as:

dx̂
dt

= AavX + BavU + Aavx̂ + Bavû + [(A1 −A2)d̂2 + (A2 −A3)d̂1]X

+[(B1 −B2)d̂2 + (B2 −B3)d̂1]U + [(A1 −A2)d̂2 + (A2 −A3)d̂1]x̂

+[(B1 −B2)d̂2(t) + (B2 −B3)d̂1]û

Y + ŷ = CavX + DavU + Cavx̂ + Davû + [(C1 −C2)d̂2 + (C2 −C3)d̂1]X

+[(D1 −D2)d̂2 + (D2 −D3)d̂1]U + [(C1 −C2)d̂2 + (C2 −C3)d̂1]x̂

+[(D1 −D2)d̂2 + (D2 −D3)d̂1]û

(2.14)

Separating the DC part, AC part and neglecting the non-linear terms, the above expression

can be written as:

dc

 0 = AavX + BavU

Y = CavX + DavU
ac



d
dt

x̂ = Aavx̂ + Bavû + [(A1 −A2)X + (B1 −B2)U]d̂2

+[(A2 −A3)X + (B2 −B3)U]d̂1

ŷ = Cavx̂ + Davû + [(C1 −C2)X + (D1 −D2)U]d̂2

+[(C2 −C3)X + (D2 −D3)U]d̂1

(2.15)

The solution of DC part is given as:

X = −A−1av BavU Y = (−CavA
−1
av Bav + Dav)U (2.16)

Equation (2.16) is based on the average state-space matrices, which is derived by assuming
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2.5 Small-signal Modelling of CI-SIDO Converters

small ripple approximation. Using (2.16) steady-state value of inductor currents, capacitor

voltages and output voltages can be calculated.

By applying Laplace transform to the ac part, gives:

sx̂(s) = Aavx̂(s) + Bavû(s) + [(A1 −A2)X + (B1 −B2)U]d̂2(s)

+[(A2 −A3)X + (B2 −B3)U]d̂1(s)

ŷ(s) = Cavx̂(s) + Davû(s) + [(C1 −C2)X + (D1 −D2)U]d̂2(s)

+[(C2 −C3)X + (D2 −D3)U]d̂1(s)

(2.17)

resulting in

x̂(s) = (sI−Aav)
−1Bavû(s) + (sI−Aav)

−1[(A1 −A2)X + (B1 −B2)U]d̂2(s)

+ (sI−Aav)
−1[(A2 −A3)X + (B2 −B3)U]d̂1(s) (2.18)

ŷ(s) = [Cav(sI−Aav)
−1Bav + Dav]û(s) + Cav(sI−Aav)

−1[(A1 −A2)X + (B1 −B2)U]d̂2(s)

+ Cav(sI−Aav)
−1[(A2 −A3)X + (B2 −B3)U]d̂1(s)

+ [(C1 −C2)X + (D1 −D2)U]d̂2(s) + [(C2 −C3)X + (D2 −D3)U]d̂1(s) (2.19)

The transfer functions between the state variables and input variables are obtained using

(2.18) by considering d̂1 = d̂2 = 0 and is given by

x̂(s) = (sI−Aav)
−1Bavû(s) (2.20)

The transfer functions between the state variables and duty ratios are obtained using (2.18) by

considering û = 0 and is given by

x̂(s) = (sI−Aav)
−1[(A1 −A2)X + (B1 −B2)U]d̂2(s)

+(sI−Aav)
−1[(A2 −A3)X + (B2 −B3)U]d̂1(s)

(2.21)

The transfer functions between the output variables and input variables are obtained using

(2.19) by considering d̂1 = d̂2 = 0 and is given by

ŷ(s) = [Cav(sI−Aav)
−1Bav + Dav]û(s) (2.22)
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Figure 2.7: Circuit diagram of CI-SIDO buck converter considering ESR of capacitor

The transfer functions between the output variables and duty ratios are obtained using (2.19)

by considering û = 0 and is given by

ŷ(s) = {Cav(sI−Aav)
−1[(A1 −A2)X + (B1 −B2)U] + (C1 −C2)X + (D1 −D2)U}d̂2(s)

+ {Cav(sI−Aav)
−1[(A2 −A3)X + (B2 −B3)U] + (C2 −C3)X + (D2 −D3)U}d̂1(s) (2.23)

2.5.1 Small-signal Modelling of CI-SIDO Buck Converter

The small-signal modelling of CI-SIDO buck converter is performed assuming: (i) ideal

switches and diodes (ii) considering effective series resistance (ESR) of capacitors and neglecting

ESR of coupled inductor.

Figure 2.7 shows the circuit diagram of CI-SIDO buck converter considering ESR of capac-

itors rc1, rc2.

2.5.1.1 State-space Equations

Considering Case A (D1 > D2), the CI-SIDO buck converter has three modes of operation.

The state-space equation for all three modes of operation are given as follows:

Mode I: (d2Ts interval)

In this switching interval, both the switches are turned ON. The equivalent circuit for this

interval is shown in Figure 2.8. Applying KVL to the inductor and capacitor loops in the
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Figure 2.8: Mode I circuit configuration of CI-SIDO buck converter

equivalent circuit of d2Ts interval gives:

L
′
1
diL1(t)
dt

= vin(t)− r′1iL1(t)− r
′′
1vC1(t) + rc1r

′′
1 i01(t) + M

L2
(vin(t)− r′2iL2(t)− r

′′
2vC2(t) + rc2r

′′
2 i02(t))

C1
dvC1(t)
dt

= r
′′
1 iL1(t)−

r
′′
1 vC1(t)

R1
− r′′1 i01(t)

L
′
2
diL2(t)
dt

= vin − r
′
2iL2(t)− r

′′
2vC2(t) + rc2r

′′
2 i02(t) + M

L1
(vin − r

′
1iL1(t)− r

′′
1vC1(t) + rc1r

′′
1 i01(t))

C2
dvC2(t)
dt

= r
′′
2 iL2(t)−

r
′′
2 vC2(t)

R2
− r′′2 i02(t)

(2.24)

v01(t) = rc1r
′′
1 iL1(t)− rc1vC1(t)− rc1r

′′
1 i01(t)

v02(t) = rc1r
′′
2 iL2(t)− rc2vC2(t)− rc2r

′′
2 i02(t)

(2.25)

where, r
′
1 = R1rc1

R1+rc1
, r
′
2 = R2rc2

R2+rc2
, r
′′
1 = R1

R1+rc1
, r
′′
2 = R2

R2+rc2
.

leading to state-space equation of the d2Ts interval:

dx(t)

dt
= A1x(t) + B1u(t)

y(t) = C1x(t) + D1u(t)

A1 =



−r′1
L
′
1

−r′′1
L
′
1

−Mr
′
2

L2L
′
1

−Mr
′′
2

L2L
′
1

r
′′
1

C1

−r′′1
C1R1

0 0

−Mr
′
1

L1L
′
2

−Mr
′′
1

L1L
′
2

−r′2
L
′
2

−r′′2
L
′
2

0 0
r
′′
2

C2

−r′′2
C2R2


B1 =



(1+ M
L2

)

L
′
1

rc1r
′′
1

L
′
1

Mrc2r
′′
2

L2L
′
1

0 − r
′′
1

C1
0

(1+ M
L1

)

L
′
2

Mrc1r
′′
1

L1L
′
2

rc2r
′′
2

L
′
2

0 0 − r
′′
2

C2



C1 =

rc1r′′1 r
′′
1 0 0

0 0 rc2r
′′
2 r

′′
2

 D1 =

0 −rc1r
′′
1 0

0 0 −rc2r
′′
2


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Figure 2.9: Mode II circuit configuration of CI-SIDO buck converter

Mode II: (d1 − d2)Ts interval

In this switching interval, only one switch ST1 is turned ON and the other switch ST2 is turned

OFF. The equivalent circuit for this interval is shown in Figure 2.9. Applying KVL to the

inductor and capacitor loops in the equivalent circuit of (d1 − d2)Ts interval gives:

L
′
1
diL1(t)
dt

= vin(t)− r′1iL1(t)− r
′′
1vC1(t) + rc1r

′′
1 i01(t) + M

L2
(−r′2iL2(t)− r

′′
2vC2(t) + rc2r

′′
2 i02(t))

C1
dvC1(t)
dt

= r
′′
1 iL1(t)−

r
′′
1 vC1(t)

R1
− r′′1 i01(t)

L
′
2
diL2(t)
dt

= −r′2iL2(t)− r
′′
2vC2(t) + rc2r

′′
2 i02(t) + M

L1
(vin(t)− r′1iL1(t)− r

′′
1vC1(t) + rc1r

′′
1 i01(t))

C2
dvC2(t)
dt

= r
′′
2 iL2(t)−

r
′′
2 vC2(t)

R2
− r′′2 i02(t)

(2.26)

v01(t) = rc1r
′′
1 iL1(t)− rc1vC1(t)− rc1r

′′
1 i01(t)

v02(t) = rc1r
′′
2 iL2(t)− rc2vC2(t)− rc2r

′′
2 i02(t)

(2.27)

leading to state-space equation of the (d1 − d2)Ts interval:

dx(t)

dt
= A2x(t) + B2u(t) y(t) = C2x(t) + D2u(t)

A2 =



−r′1
L
′
1

−r′′1
L
′
1

−Mr
′
2

L2L
′
1

−Mr
′′
2

L2L
′
1

r
′′
1

C1

−r′′1
C1R1

0 0

−Mr
′
1

L1L
′
2

−Mr
′′
1

L1L
′
2

−r′2
L
′
2

−r′′2
L
′
2

0 0
r
′′
2

C2

−r′′2
C2R2


B2 =



1

L
′
1

rc1r
′′
1

L
′
1

Mrc2r
′′
2

L2L
′
1

0 − r
′′
1

C1
0

M

L1L
′
2

Mrc1r
′′
1

L1L
′
2

rc2r
′′
2

L
′
2

0 0 − r
′′
2

C2



C2 =

rc1r′′1 r
′′
1 0 0

0 0 rc2r
′′
2 r

′′
2

 D2 =

0 −rc1r
′′
1 0

0 0 −rc2r
′′
2



28

TH-2784_146102037



2.5 Small-signal Modelling of CI-SIDO Converters

















1L

2L

M

1R

2R

1C
2C

01( )v t

02 ( )v t

1( )Lv t

2 ( )Lv t

1( )Ci t

2 ( )Ci t

01( )i t

02 ( )i t

1( )Li t

2 ( )Li t

1DS
2DS

1cr

2cr

1( )Cv t
2 ( )Cv t






Figure 2.10: Mode III circuit configuration of CI-SIDO buck converter

Mode III: (1− d1)Ts interval

In this switching interval, both switches are turned OFF. The equivalent circuit for this interval

is shown in Figure 2.10. Applying KVL to the inductor and capacitor loops in the equivalent

circuit of (1− d1)Ts interval gives:

L
′
1
diL1(t)
dt

= −r′1iL1(t)− r
′′
1vC1(t) + rc1r

′′
1 i01(t) + M

L2
(−r′2iL2(t)− r

′′
2vC2(t) + rc2r

′′
2 i02(t))

C1
dvC1(t)
dt

= r
′′
1 iL1 −

r
′′
1 vC1

R1
− r′′1 i01

L
′
2
diL2(t)
dt

= −r′2iL2(t)− r
′′
2vC2(t) + rc2r

′′
2 i02(t) + M

L1
(−r′1iL1(t)− r

′′
1vC1(t) + rc1r

′′
1 i01(t))

C2
dvC2(t)
dt

= r
′′
2 iL2(t)−

r
′′
2 vC2(t)

R2
− r′′2 i02(t)

(2.28)

v01(t) = rc1r
′′
1 iL1(t)− rc1vC1(t)− rc1r

′′
1 i01(t)

v02(t) = rc1r
′′
2 iL2(t)− rc2vC2(t)− rc2r

′′
2 i02(t)

(2.29)

leading to state-space equation of the (1− d1)Ts interval:

dx(t)

dt
= A3x(t) + B3u(t) y(t) = C3x(t) + D3u(t)

A3 =



−r′1
L
′
1

−r′′1
L
′
1

−Mr
′
2

L2L
′
1

−Mr
′′
2

L2L
′
1

r
′′
1

C1

−r′′1
C1R1

0 0

−Mr
′
1

L1L
′
2

−Mr
′′
1

L1L
′
2

−r′2
L
′
2

−r′′2
L
′
2

0 0
r
′′
2

C2

−r′′2
C2R2


B3 =



0
rc1r

′′
1

L
′
1

Mrc2r
′′
2

L2L
′
1

0 − r
′′
1

C1
0

0
Mrc1r

′′
1

L1L
′
2

rc2r
′′
2

L
′
2

0 0 − r
′′
2

C2



C3 =

rc1r′′1 r
′′
1 0 0

0 0 rc2r
′′
2 r

′′
2

 D3 =

0 −rc1r
′′
1 0

0 0 −rc2r
′′
2


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2.5.1.2 Average State-space Equation

Now the averaged state-space equation is written as

dx

dt
= Ax + Bu y = Cx + Du

where, the average state-space matrices is calculated using (2.12) and are given by

A =



−r′1
L
′
1

−r′′1
L
′
1

−Mr
′
2

L2L
′
1

−Mr
′′
2

L2L
′
1

r
′′
1

C1

−r′′1
C1R1

0 0

−Mr
′
1

L1L
′
2

−Mr
′′
1

L1L
′
2

−r′2
L
′
2

−r′′2
L
′
2

0 0
r
′′
2

C2

−r′′2
C2R2


B =



d1+
M
L2
d2

L
′
1

rc1r
′′
1

L
′
1

Mrc2r
′′
2

L2L
′
1

0 − r
′′
1

C1
0

d2+
M
L1
d1

L
′
2

Mrc1r
′′
1

L1L
′
2

rc2r
′′
2

L
′
2

0 0 − r
′′
2

C2


C =

rc1r′′1 r
′′
1 0 0

0 0 rc2r
′′
2 r

′′
2

D =

0 −rc1r
′′
1 0

0 0 −rc2r
′′
2


2.5.1.3 Small-signal Open-loop Transfer Functions of CI-SIDO Buck Converter

The open loop transfer functions of CI-SIDO buck converter are derived as follows:

Small-signal transfer functions between the state variable and input variables:

The small-signal open-loop transfer functions between the state variable and input variables

are derived using (2.20) and is written as

x̂(s) = (sI−Aav)
−1Bavû(s)

which is expressed as

îL1(s)

v̂C1(s)

îL2(s)

v̂C2(s)


=



s+
r
′
1

L
′
1

r
′′
1

L
′
1

Mr
′
2

L2L
′
1

Mr
′′
2

L2L
′
1

−r′′1
C1

s+
r
′′
1

C1R1
0 0

Mr
′
1

L1L
′
2

Mr
′′
1

L1L
′
2

s+
r
′
2

L
′
2

r
′′
2

L
′
2

0 0
−r′′2
C2

s+
r
′′
2

C2R2



−1 

D1+
M
L2
D2

L
′
1

rc1r
′′
1

L
′
1

Mrc2r
′′
2

L2L
′
1

0 − r
′′
1

C1
0

D2+
M
L1
D1

L
′
2

Mrc1r
′′
1

L1L
′
2

rc2r
′′
2

L
′
2

0 0 − r
′′
2

C2




v̂in(s)

î01(s)

î02(s)


(2.30)
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Input voltage to inductor currents transfer functions: By solving the first and third line of

(2.30), and making î01 = î02 = 0 we obtain the input voltage to inductor currents transfer

functions as

Gig1 =
îL1
v̂in

=
(s+

r
′′
1

C1
)

L
′
1L2

(s2(L2D1 +D2M) + s(r
′
2D1 + L2D1+D2M

C2(R2+rc2)
) +

D1R2r
′′
2

C2
)

Dnbu(s)

Gig2 =
îL2
v̂in

=
(s+

r
′′
2

C2
)

L1L
′
2

(s2(L1D2 +D1M) + s(r
′
1D2 + L1D2+D1M

C1(R1+rc1)
) +

D2R1r
′′
1

C1
)

Dnbu(s)

(2.31)

where,

Dnbu(s) = s4 +s3(
r
′
1

L
′
1

+
r
′
2

L
′
2

+
r
′′
1

C1

+
r
′′
2

C2

)+s2(
r
′
1r
′
2

L1L
′
2

+
R2r

′′
2

C2L
′
2

+
R1r

′′
1

C1L
′
1

+
r
′
2r
′′
1L
′
1

C1

+
r
′
1r
′′
2L
′
2

C2

+
r
′′
2r
′′
1

C1C2

)

+ s(
r
′
1r
′′
2R2

L1L
′
2C2

+
r
′
2r
′′
1R1

L2L
′
1C1

+
(L1R2 + L2R1)r

′′
1r
′′
2

L1L
′
2C1C2

) +
R1R2r

′′
1r
′′
2

L1L
′
2C1C2

Load currents to inductor currents transfer functions: By solving first and third line of (2.30)

and making the v̂in = 0 we obtain the load currents to inductor currents transfer functions as

Hii11 =
îL1

î01
=
r
′
1(s+ 1

rc1C1
)

L
′
1

(s2 + s(
r
′
2

L2
+

r
′′
2

C2
) +

R2r
′′
2

L2C2
)

Dnbu(s)

Hii22 =
îL2

î02
=
r
′
2(s+ 1

rc2C2
)

L
′
2

(s2 + s(
r
′
1

L1
+

r
′′
1

C1
) +

R1r
′′
1

L1C1
)

Dnbu(s)

(2.32)

Hii12 =
îL1

î02
=
Mr

′
2

L
′
1L2

s(s+ 1
R1C1

)(s+ 1
rc2C2

)

Dnbu(s)

Hii21 =
îL2

î01
=
Mr

′
1

L1L
′
2

s(s+ 1
R2C2

)(s+ 1
rc1C1

)

Dnbu(s)

(2.33)

Small-signal transfer functions between the state variables and duty cycles:

The small-signal open-loop transfer functions between the state variables and duty cycles are

derived using (2.21). In CI-SIDO buck A1 = A2 = A3, (2.21) becomes as

x̂(s) = (sI−Aav)
−1
(

[(B1 −B2)U]d̂2(s) + [(B2 −B3)U]d̂1(s)
)

=⇒ x̂(s) = (sI−Aav)
−1
[
(B1 −B2)U (B2 −B3)U

]d̂2(s)
d̂1(s)


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and is expressed as

îL1(s)

v̂C1(s)

îL2(s)

v̂C2(s)


=



s+
r
′
1

L
′
1

r
′′
1

L
′
1

Mr
′
2

L2L
′
1

Mr
′′
2

L2L
′
1

−r′′1
C1

s+
r
′′
1

C1R1
0 0

Mr
′
1

L1L
′
2

Mr
′′
1

L1L
′
2

s+
r
′
2

L
′
2

r
′′
2

L
′
2

0 0
−r′′2
C2

s+
r
′′
2

C2R2



−1 

MVin
L1L

′
2

Vin
L
′
1

0 0

Vin
L
′
2

MVin
L1L

′
2

0 0


d̂2(s)
d̂1(s)

 (2.34)

Duty cycles to inductor currents transfer functions: Solving first and third line of (2.34), we

obtain the duty cycles to inductor currents transfer functions as

Gid11 =
îL1

d̂1
=
Vin
L
′
1

(s+
r
′′
1

C1

)
(s2 + s(

r
′
2

L2
+

r
′′
2

C2
) +

R2r
′′
2

L2C2
)

Dnbu(s)

Gid22 =
îL2

d̂2
=
Vin
L
′
2

(s+
r
′′
2

C2

)
(s2 + s(

r
′
1

L1
+

r
′′
1

C1
) +

R1r
′′
1

L1C1
)

Dnbu(s)

(2.35)

Cross-coupling transfer functions between inductor current and duty cycles are

Gid21 =
îL2

d̂1
=
MVin
L
′
1L2

s(s+
r
′′
1

C1
)(s+

r
′′
2

C2
)

Dnbu(s)
, Gid12 =

îL1

d̂2
=
MVin
L1L

′
2

s(s+
r
′′
2

C2
)(s+

r
′′
1

C1
)

Dnbu(s)
(2.36)

Small-signal transfer functions between the output variable and input variables:

The small-signal open-loop transfer functions between the output variables and input variables

are derived using (2.22) and written as

ŷ(s) =
(
Cav(sI−Aav)

−1Bav + Dav

)
û(s)
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which is expressed as

v̂01(s)
v̂02(s)

 =

rc1r′′1 r
′′
1 0 0

0 0 rc2r
′′
2 r

′′
2




s+
r
′
1

L
′
1

r
′′
1

L
′
1

Mr
′
2

L2L
′
1

Mr
′′
2

L2L
′
1

−r′′1
C1

s+
r
′′
1

C1R1
0 0

Mr
′
1

L1L
′
2

Mr
′′
1

L1L
′
2

s+
r
′
2

L
′
2

r
′′
2

L
′
2

0 0
−r′′2
C2

s+
r
′′
2

C2R2



−1



D1+
M
L2
D2

L
′
1

rc1r
′′
1

L
′
1

Mrc2r
′′
2

L2L
′
1

0 − r
′′
1

C1
0

D2+
M
L1
D1

L
′
2

Mrc1r
′′
1

L1L
′
2

rc2r
′′
2

L
′
2

0 0 − r
′′
2

C2


+

0 −rc1r
′′
1 0

0 0 −rc2r
′′
2



v̂in(s)

î01(s)

î02(s)



(2.37)

Input voltage to output voltage transfer functions: The input voltage to output voltage transfer

functions is also called as audio-susceptibility and is found by solving (2.37), making the î01 =

î02 = 0 and is given by:

Gvg1 =
v̂01
v̂in

=
r
′
1(s+ 1

rc1C1
)

L
′
1L2

(s2(L2D1 +D2M) + s(r
′
2D1 + L2D1+D2M

C2(R2+rc2)
) +

D1R2r
′′
2

C2
)

Dnbu(s)

Gvg2 =
v̂02
v̂in

=
r
′
2(s+ 1

rc2C2
)

L1L
′
2

(s2(L1D2 +D1M) + s(r
′
1D2 + L1D2+D1M

C1(R1+rc1)
) +

D2R1r
′′
1

C1
)

Dnbu(s)

(2.38)

Load currents to output voltage transfer functions: The load current to output voltage transfer

function is also called as load regulation transfer function. In CI-SIDO converter load regulation

is divided into self-regulation and cross-regulation. The load regulation transfer function are

found by solving (2.37), making the v̂in = 0 and are given as follows

Self-regulation transfer functions:

Zvi11 =
v̂01

î01
= −r′1s(s+

1

rc1C1

)
(s2 + s(

r
′
2

L
′
2

+
r
′′
2

C2
) +

R2r
′′
2

L
′
2C2

)

Dnbu(s)

Zvi22 =
v̂01

î02
= −r′2s(s+

1

rc2C2

)
(s2 + s(

r
′
1

L
′
1

+
r
′′
1

C1
) +

R1r
′′
1

L
′
1C1

)

Dnbu(s)

(2.39)
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Cross-regulation transfer functions:

Zvi12 =
v̂01

î02
=
Mr

′
2r
′
1

L
′
1L2

s(s+ 1
rc1C1

)(s+ 1
rc2C2

)

Dnbu(s)

Zvi21 =
v̂02

î01
=
Mr

′
1r
′
2

L1L
′
2

s(s+ 1
rc2C2

)(s+ 1
rc1C1

)

Dnbu(s)

(2.40)

Small-signal transfer functions between the output variables and duty cycles:

The small-signal open-loop transfer functions between the output variables and duty cycles

can be obtained from (2.23). In CI-SIDO buck converter A1 = A2 = A3, C1 = C2 = C3,

D1 = D2 = D3, and thus (2.23) becomes

ŷ(s) = (Cav(sI−Aav)
−1[(B1 −B2)U])d̂2(s) + (Cav(sI−Aav)

−1[(B2 −B3)U])d̂1(s)

=⇒ Ŷ(s) = Cav(sI−Aav)
−1
[
(B1 −B2)U (B2 −B3)U

]d̂2(s)
d̂1(s)


and is expressed as

v̂01(s)
v̂02(s)

 =

rc1r′′1 r
′′
1 0 0

0 0 rc2r
′′
2 r

′′
2




s+
r
′
1

L
′
1

r
′′
1

L
′
1

Mr
′
2

L2L
′
1

Mr
′′
2

L2L
′
1

−r′′1
C1

s+
r
′′
1

C1R1
0 0

Mr
′
1

L1L
′
2

Mr
′′
1

L1L
′
2

s+
r
′
2

L
′
2

r
′′
2

L
′
2

0 0
−r′′2
C2

s+
r
′′
2

C2R2



−1

×



MVin
L1L2(1−k2)

Vin
L1(1−k2)

0 0

Vin
L2(1−k2)

MVin
L1L2(1−k2)

0 0


d̂2(s)
d̂1(s)


(2.41)

solving we obtain duty-cycle to output voltage transfer functions as

Gvd11 =
v̂01

d̂1
=
Vinr

′
1

L
′
1

(s+
1

rc1C1

)
(s2 + s(

r
′
2

L2
+

r
′′
2

C2
) +

R2r
′′
2

L2C2
)

Dnbu(s)

Gvd22 =
v̂02

d̂2
=
Vinr

′
2

L
′
2

(s+
1

rc2C2

)
(s2 + s(

r
′
1

L1
+

r
′′
1

C1
) +

R1r
′′
1

L1C1
)

Dnbu(s)

(2.42)
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Figure 2.11: Circuit diagram of CI-SIDO boost converter

Cross-coupling transfer functions:

Gvd21 =
v̂02

d̂1
=
MVinr

′
2

L1L
′
2

s(s+ 1
rc2C2

)(s+
r
′′
1

C1
)

Dnbu(s)
(2.43)

Gvd12 =
v̂01

d̂2
=
MVinr

′
1

L2L
′
1

s(s+ 1
rc1C1

)(s+
r
′′
2

C2
)

Dnbu(s)
(2.44)

2.5.2 Small-signal Modelling of CI-SIDO Boost Converter

The small-signal modelling of CI-SIDO boost converter is obtained considering ideal condi-

tion. Figure 2.11 shows the circuit diagram of CI-SIDO boost converter.

2.5.2.1 State-space Equation

Considering Case A (D1 > D2), the CI-SIDO boost converter has three modes of operation.

The state-space equation for all the operating modes are given as follows:

Mode I: d2Ts interval

The equivalent circuit for this interval is shown in Figure 2.12. Applying KVL and KCL in the

equivalent circuit of d2Ts interval gives:

L
′
1
diL1(t)
dt

= vin(t) + M
L2
vin(t)

C1
dv01(t)
dt

= −v01(t)
R1
− i01(t)

L
′
2
diL2(t)
dt

= vin(t) + M
L1
vin(t)

C2
dv02(t)
dt

= −v02(t)
R2
− i02(t)

(2.45)

leading to state-space equation of the d2Ts interval:

dx(t)

dt
= A1x(t) + B1u(t) , y(t) = C1x(t) + D1u(t)
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Figure 2.12: Mode I circuit configuration of CI-SIDO boost converter
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Figure 2.13: Mode II circuit configuration of CI-SIDO boost converter

A1 =



0 0 0 0

0 −1
C1R1

0 0

0 0 0 0

0 0 0 −1
C2R2


B1 =



1

L
′
1

(1 + M
L2

) 0 0

0 − 1
C1

0

1

L
′
2

(1 + M
L1

) 0 0

0 0 − 1
C2


C1 =

0 1 0 0

0 0 0 1

 D1 =

0 0 0

0 0 0



Mode II: (d1 − d2)Ts interval

The equivalent circuit for this interval is shown in Figure 2.13. Applying KVL and KCL in the

equivalent circuit of (d1 − d2)Ts interval gives:

L
′
1
diL1(t)
dt

= vin(t) + M
L2

(vin(t)− v02(t))

C1
dv01(t)
dt

= −v01(t)
R1
− i01(t)

L
′
2
diL2(t)
dt

= vin(t)− v02(t) + M
L1
vin(t)

C2
dv02(t)
dt

= iL2(t)− v02(t)
R2
− i02(t)

(2.46)

leading to state-space equation of the (d1 − d2)Ts interval:

dx(t)

dt
= A2x(t) + B2u(t) y(t) = C2x(t) + D2u(t)
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Figure 2.14: Mode III circuit configuration of CI-SIDO boost converter

A2 =



0 0 0 −M
L2L

′
1

0 −1
C1R1

0 0

0 0 0 −1
L
′
2

0 0 1
C2

−1
C2R2


B2 =



1

L
′
1

(1 + M
L2

) 0 0

0 − 1
C1

0

1

L
′
2

(1 + M
L1

) 0 0

0 0 − 1
C2


C2 =

0 1 0 0

0 0 0 1

D2 =

0 0 0

0 0 0



Mode III: (1− d1)Ts interval

The equivalent circuit for this interval is shown in Figure 2.14. Applying KVL and KCL in the

equivalent circuit of (1− d1)Ts interval gives:

L
′
1
diL1(t)
dt

= vin(t)− v01(t) + M
L2

(vin(t)− v02(t))

C1
dv01(t)
dt

= iL1(t)− v01(t)
R1
− i01(t)

L
′
2
diL2(t)
dt

= vin(t)− v02(t) + M
L1

(vin(t)− v01(t))

C2
dv02(t)
dt

= iL2(t)− v02(t)
R2
− i02(t)

(2.47)

leading to state-space equation of the (1− d1)Ts interval:

dx(t)

dt
= A3x(t) + B3u(t) y(t) = C3x(t) + D3u(t)

A3 =



0 −1
L
′
1

0 −M
L2L

′
1

1
C1

−1
C1R1

0 0

0 −M
L1L

′
2

0 −1
L
′
2

0 0 1
C2

−1
C2R2


B3 =



1

L
′
1

(1 + M
L2

) 0 0

0 − 1
C1

0

1

L
′
2

(1 + M
L1

) 0 0

0 0 − 1
C2


C3 = C1 D3 = D1
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2.5.2.2 Average State-space Equation

Now the averaged state-space equation is written as

dx

dt
= Ax + Bu y = Cx + Du

where, the average state-space matrices is calculated using (2.12) and are given by

A =



0 − (1−d1)
L
′
1

0 −M(1−d2)
L2L

′
1

1−d1
C1

− 1
C1R1

0 0

0 −M(1−d1)
L1L

′
2

0 − (1−d2)
L
′
2

0 0 1−d2
C2

− 1
C2R2


B =



1

L
′
1

(1 + M
L2

) 0 0

0 − 1
C1

0

1

L
′
2

(1 + M
L1

) 0 0

0 0 − 1
C2



C =

0 1 0 0

0 0 0 1

 D =

0 0 0

0 0 0


2.5.2.3 Small-signal Open-loop Transfer Functions of CI-SIDO Boost Converter

The open loop transfer functions of CI-SIDO boost converter are derived as follows:

Small-signal transfer functions between the state variable and input variables:

The small-signal open-loop transfer functions between the state variable and input variables

are derived using (2.20) and is written as

x̂(s) = (sI−Aav)
−1Bavû(s)

which is expressed as

îL1(s)

v̂C1(s)

îL2(s)

v̂C2(s)


=



s (1−D1)

L
′
1

0 M(1−D2)

L2L
′
1

−1−D1

C1
s+ 1

C1R1
0 0

0 M(1−D1)

L1L
′
2

s (1−D2)

L
′
2

0 0 −1−D2

C2
s+ 1

C2R2



−1 

1

L
′
1

(1 + M
L2

) 0 0

0 − 1
C1

0

1

L
′
2

(1 + M
L1

) 0 0

0 0 − 1
C2




v̂in(s)

î01(s)

î02(s)


(2.48)
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Input voltage to inductor currents transfer functions: By solving the first and third line of

(2.48) and making the î01 = î02 = 0, we obtain the input voltage to inductor currents transfer

functions as

Gig1 =
îL1
v̂in

=
1

L
′
1

(s+ 1
R1C1

)(s2 + s
R2C2

+ (1−D2)2

L2C2
+ M

L2
(s2 + s

R2C2
))

Dnbo(s)

Gig2 =
îL2
v̂in

=
1

L
′
2

(s+ 1
R2C2

)(s2 + s
R1C1

+ (1−D1)2

L1C1
+ M

L1
(s2 + s

R1C1
))

Dnbo(s)

(2.49)

where,

Dnbo(s) = s4 + (
1

R1C1

+
1

R2C2

)s3 + (
(1−D1)

2

L
′
1C1

+
(1−D2)

2

L
′
2C2

+
1

R1R2C1C2

)s2

+ (
(1−D1)

2

L
′
1C1R2C2

+
(1−D2)

2

L
′
2C2R1C1

)s+
(1−D1)

2(1−D2)
2

L
′
1L2C1C2

Load currents to Inductor currents transfer functions: By solving the first and third line of

(2.48) and making the v̂in = 0, we obtain the load currents to inductor currents transfer

functions and are given by

Hii11 =
îL1

î01
=

1−D1

L
′
1C1

(s2 + s
R2C2

+ (1−D2)2

L2C2
)

Dnbo(s)

Hii22 =
îL2

î02
=

1−D2

L
′
2C2

(s2 + s
R1C1

+ (1−D1)2

L1C1
)

Dnbo(s)

Hii12 =
îL1

î02
=
M(1−D2)

L2L
′
1C2

s(s+ 1
R1C1

)

Dnbo(s)

Hii21 =
îL2

î01
=
M(1−D1)

L1L
′
2C1

s(s+ 1
R2C2

)

Dnbo(s)

(2.50)

Small-signal transfer functions between the state variables and duty cycles:

The small-signal open-loop transfer functions between the state variables and duty cycles are

derived using (2.21). In CI-SIDO boost B1 = B2 = B3, (2.21) becomes as

x̂(s) = (sI−Aav)
−1
(

[(A1 −A2)X]d̂2(s) + [(A2 −A3)X]d̂1(s)
)

=⇒ x̂(s) = (sI−Aav)
−1
[
(A1 −A2)X (A2 −A3)X

]d̂2(s)
d̂1(s)



39

TH-2784_146102037



2. Analysis and Modelling of Coupled Inductor Single Input Dual Output DC-DC
Converters

and is expressed as

îL1(s)

v̂C1(s)

îL2(s)

v̂C2(s)


=



s (1−D1)

L
′
1

0 M(1−D2)

L2L
′
1

−1−D1

C1
s+ 1

C1R1
0 0

0 M(1−D1)

L1L
′
2

s (1−D2)

L
′
2

0 0 −1−D2

C2
s+ 1

C2R2



−1 

MVin
L2L

′
1(1−D2)

Vin
L
′
1(1−D2)

0 −Vin
R1C1(1−D1)2

Vin
L
′
2(1−D2)

MVin
L1L

′
2(1−D1)

−Vin
R2C2(1−D2)2

0


d̂2(s)
d̂1(s)


(2.51)

Duty cycles to Inductor currents transfer functions: Solving first and third line of (2.51), we

obtain the duty cycles to inductor currents transfer functions as

Gid11 =
îL1

d̂1
=

Vin
L
′
1(1−D1)

(s+ 2
R1C1

)(s2 + 1
R2C2

+ (1−D2)2

L2C2
)

Dnbo(s)
(2.52)

Gid22 =
îL2

d̂2
=

Vin
L
′
2(1−D2)

(s+ 2
R2C2

)(s2 + 1
R1C1

+ (1−D1)2

L1C1
)

Dnbo(s)
(2.53)

Gid12 =
îL1

d̂2
=

MVin
L2L

′
1(1−D2)

s(s+ 1
R1C1

)(s+ 2
R2C2

)

Dnbo(s)
(2.54)

Gid21 =
îL2

d̂1
=

MVin
L1L

′
2(1−D1)

s(s+ 1
R2C2

)(s+ 2
R1C1

)

Dnbo(s)
(2.55)

Small-signal transfer functions between the output variables and input variables:

The small-signal open-loop transfer functions between the output variables and input variables

are derived using (2.22) and is written as

ŷ(s) =
(
Cav(sI−Aav)

−1Bav + Dav

)
û(s)

which is expressed as

v̂01(s)
v̂02(s)

 =

0 1 0 0

0 0 0 1




s (1−D1)

L
′
1

0 M(1−D2)

L2L
′
1

−1−D1

C1
s+ 1

C1R1
0 0

0 M(1−D1)

L1L
′
2

s (1−D2)

L
′
2

0 0 −1−D2

C2
s+ 1

C2R2



−1 

(1+ M
L2

)

L
′
1

0 0

0 −1
C1

0

(1+ M
L1

)

L
′
2

0 0

0 0 −1
C2




v̂in(s)

î01(s)

î02(s)


(2.56)
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Input voltage to output voltage (Audio-susceptibility) transfer functions: The input voltage to

output voltage transfer functions are found by solving (2.56), making the î01 = î02 = 0 and is

given by:

Gvg1 =
v̂01
v̂in

=
1−D1

L
′
1C1

(s2 + s
R2C2

+ (1−D2)2

L2C2
+ M

L2
(s2 + s

R2C2
))

Dnbo(s)

Gvg2 =
v̂02
v̂in

=
1−D2

L
′
2C2

(s2 + s
R1C1

+ (1−D1)2

L1C1
+ M

L1
(s2 + s

R1C1
))

Dnbo(s)

(2.57)

Load current to output voltage (Load Regulation) transfer functions: The load currents to

output transfer functions are found by solving (2.56), making the v̂in = 0 and is given by:

Self-regulation transfer functions:

Zvi11 =
v̂01

î01
=
−s
C1

(s2 + s
R2C2

+ (1−D2)2

L
′
2C2

)

Dnbo(s)

Zvi22 =
v̂02

î02
=
−s
C2

(s2 + s
R1C1

+ (1−D1)2

L1C1
)

Dnbo(s)

(2.58)

Cross-regulation transfer function:

Zvi12 =
v̂01

î02
=
M(1−D1)(1−D2)

L2L
′
1C1C2

s

Dnbo(s)

Zvi21 =
v̂02

î01
=
M(1−D1)(1−D2)

L1L
′
2C1C2

s

Dnbo(s)

(2.59)

Small-signal transfer functions between the output variable and duty cycles:

The small-signal open-loop transfer functions between the output variables and duty cycles can

be obtained from (2.23). In CI-SIDO boost B1 = B2 = B3, C1 = C2 = C3, D1 = D2 = D3,

(2.23) becomes

ŷ(s) = (Cav(sI−Aav)
−1[(A1 −A2)X])d̂2(s) + (Cav(sI−Aav)

−1[(A2 −A3)X])d̂1(s)

=⇒ ŷ(s) = Cav(sI−Aav)
−1
[
(A1 −A2)X (A2 −A3)X

]d̂2(s)
d̂1(s)


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and is expressed as

v̂01(s)
v̂02(s)

 =

0 1 0 0

0 0 0 1




s (1−D1)

L
′
1

0 M(1−D2)

L2L
′
1

−1−D1

C1
s+ 1

C1R1
0 0

0 M(1−D1)

L1L
′
2

s (1−D2)

L
′
2

0 0 −1−D2

C2
s+ 1

C2R2



−1

×



MVin
L2L

′
1(1−D2)

Vin
L
′
1(1−D2)

0 −Vin
R1C1(1−D1)2

Vin
L
′
2(1−D2)

MVin
L1L

′
2(1−D1)

−Vin
R2C2(1−D2)2

0


d̂2(s)
d̂1(s)


(2.60)

Duty cycles to output voltages transfer functions: Solving (2.60), we obtain the duty cycles to

output voltages transfer functions as

Gvd11 =
v̂01

d̂1
=

Vin
L
′
1C1

(s2 + s
R2C2

+ (1−D2)2

L
′
2C2

)(
−L′1s

R1(1−D1)2
+ 1)− M2(1−D2)2

L1L2L
′
2C2

Dnbo(s)

Gvd22 =
v̂02

d̂2
=

Vin
L
′
2C2

(s2 + s
R1C1

+ (1−D1)2

L
′
1C1

)(
−L′2s

R2(1−D2)2
+ 1)− M2(1−D1)2

L1L2L
′
1C1

Dnbo(s)

(2.61)

Cross-coupling transfer functions:

Gvd12 =
v̂01

d̂2
=

MVin(1−D1)

L2L
′
1C1(1−D2)

s(s+ 2
R2C2

)

Dnbo(s)

Gvd21 =
v̂02

d̂1
=

MVin(1−D2)

L1L
′
2C2(1−D1)

s(s+ 2
R1C1

)

Dnbo(s)

(2.62)

2.5.3 Small-signal Modelling of CI-SIDO Boost and Buck Converter

The small-signal modelling of CI-SIDO boost and buck converter is obtained considering

ideal condition. Figure 2.15 shows the circuit diagram of CI-SIDO boost and buck converter.

2.5.3.1 State-space Equation

Considering Case A (D1 > D2), the CI-SIDO boost and buck converter has three modes of

operation. The state space equation for all the operational modes are given as follows:
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Figure 2.15: Circuit diagram CI-SIDO boost and buck converter
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Figure 2.16: Mode I circuit configuration of CI-SIDO boost and buck converter

Mode I: d2Ts interval

The equivalent circuit for this interval is shown in Figure 2.16. Applying KVL and KCl in the

equivalent circuit of d2Ts interval gives:

L
′
1
diL1(t)
dt

= vin(t) + M
L2

(vin(t)− v02(t))

C1
dv01(t)
dt

= −v01(t)
R1
− i01(t)

L
′
2
diL2(t)
dt

= (vin(t)− v02(t)) + M
L1
vin(t)

C2
dv02(t)
dt

= iL2(t)− v02(t)
R2
− i02(t)

(2.63)

leading to state-space equation of the d2Ts interval:

dx(t)

dt
= A1x(t) + B1u(t) , y(t) = C1x(t) + D1u(t)

A1 =



0 0 0 −M
L2L

′
1

0 −1
C1R1

0 0

0 0 0 −1
L
′
2

0 0 1
C2

−1
C2R2


B1 =



1

L
′
1

(1 + M
L2

) 0 0

0 −1
C1

0

1

L
′
2

(1 + M
L1

) 0 0

0 0 −1
C2


C1 =

0 1 0 0

0 0 0 1

 D1 =

0 0 0

0 0 0


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
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Figure 2.17: Mode II circuit configuration of CI-SIDO boost and buck converter

Mode II: (d1 − d2)Ts interval

The equivalent circuit for this interval is shown in Figure 2.17. Applying KVL and KCL in the

equivalent circuit of (d1 − d2)Ts interval gives:

L
′
1
diL1(t)
dt

= vin(t) + M
L2

(−v02(t))

ic1(t) = C1
dv01(t)
dt

= −v01(t)/R1 − i01(t)

L
′
2
diL2(t)
dt

= −v02(t) + M
L1
vin(t)

ic2(t) = C2
dv02(t)
dt

= iL2(t)− v02(t)/R2 − i02(t)

(2.64)

leading to state-space equation of the (d1 − d2)Ts interval:

dx(t)

dt
= A2x(t) + B2u(t) y(t) = C2x(t) + D2u(t)

A2 =



0 0 0 −M
L2L

′
1

0 −1
C1R1

0 0

0 0 0 −1
L
′
2

0 0 1
C2

−1
C2R2


B2 =



1

L
′
1

0 0

0 − 1
C1

0

M

L1L
′
2

0 0

0 0 − 1
C2


C2 =

0 1 0 0

0 0 0 1

 D2 =

0 0 0

0 0 0



Mode III: (1− d1)Ts interval

The equivalent circuit for this interval is shown in Figure 2.18. Applying KVL and KCL in the

equivalent circuit of (1− d1)Ts interval gives:

L
′
1
diL1(t)
dt

= vin(t)− v01(t) + M
L2

(−v02(t))

ic1(t) = C1
dv01(t)
dt

= iL1(t)− v01(t)/R1 − i01(t)

L
′
2
diL2(t)
dt

= −v02(t) + M
L1

(vin(t)− v01(t))

ic2(t) = C2
dv02(t)
dt

= iL2(t)− v02(t)/R2 − i02(t)

(2.65)
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Figure 2.18: Mode III circuit configuration of CI-SIDO boost and buck converter

leading to state-space equation of the (1− d1)Ts interval:

dx(t)

dt
= A3x(t) + B3u(t) y(t) = C3x(t) + D3u(t)

A3 =



0 −1
L
′
1

0 −M
L2L

′
1

1
C1

−1
C1R1

0 0

0 −M
L1L

′
2

0 −1
L
′
2

0 0 1
C2

−1
C2R2


B3 =



1

L
′
1

0 0

0 −1
C1

0

M

L1L
′
2

0 0

0 0 −1
C2


C3 = C1 D3 = D1

2.5.3.2 Average State-space Equation

Now the averaged state-space equation is written as

dx

dt
= Ax + Bu y = Cx + Du

where, the average state-space matrices is calculated using (2.12) and are given by

A =



0 − (1−d1)
L
′
1

0 − M

L2L
′
1

1−d1
C1

− 1
C1R1

0 0

0 −M(1−d1)
L1L

′
2

0 − 1

L
′
2

0 0 1
C2
− 1
C2R2


B =



1

L
′
1

(1 + Md2
L2

) 0 0

0 − 1
C1

0

1

L
′
2

(d2 + M
L1

) 0 0

0 0 − 1
C2


C =

0 1 0 0

0 0 0 1

 D =

0 0 0

0 0 0


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2.5.3.3 Small-signal Open-loop Transfer Functions of CI-SIDO Boost and Buck
Converter

The open loop transfer functions of CI-SIDO boost and buck converter are derived as follows:

Small-signal transfer functions between the state variables and input variables:

The small-signal open-loop transfer functions between the state variables and input variables

are derived using (2.20) and is written as

x̂(s) = (sI−Aav)
−1Bavû(s)

which is expressed as

îL1(s)

v̂C1(s)

îL2(s)

v̂C2(s)


=



s (1−D1)

L
′
1

0 M

L2L
′
1

−(1−D1)
C1

s+ 1
C1R1

0 0

0 M(1−D1)

L1L
′
2

s 1

L
′
2

0 0 −1
C2

s+ 1
C2R2



−1 

1

L
′
1

(1 + MD2

L2
) 0 0

0 − 1
C1

0

1

L
′
2

(D2 + M
L1

) 0 0

0 0 − 1
C2




v̂in(s)

î01(s)

î02(s)


(2.66)

Input voltage to inductor currents transfer functions: By solving the first and third line of

(2.66) and making the î01 = î02 = 0, we obtain the input voltage to inductor currents transfer

functions as

Gig1 =
îL1
v̂in

=
1

L
′
1

(s+ 1
R1C1

)(s2 + s
R2C2

+ 1
L2C2

+ MD2

L2
(s2 + s

R2C2
))

Dnbobu(s)

Gig2 =
îL2
v̂in

=
1

L
′
2

(s+ 1
R2C2

)(D2(s
2 + s

R1C1
+ (1−D1)2

L1C1
) + M

L1
(s2 + s

R1C1
))

Dnbobu(s)

(2.67)

where,

Dnbobu(s) = s4 + (
1

R1C1

+
1

R2C2

)s3 + (
(1−D1)

2

L
′
1C1

+
1

L
′
2C2

+
1

R1R2C1C2

)s2

+ (
(1−D1)

2

L
′
1C1R2C2

+
1

L
′
2C2R1C1

)s+
(1−D1)

2

L
′
1L2C1C2

Load currents to Inductor currents transfer functions: By solving the first and third line of

(2.66) and making the v̂in = 0, we obtain the load currents to inductor currents transfer
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functions and are given by

Hii11 =
îL1

î01
=

1−D1

L
′
1C1

(s2 + s
R2C2

+ 1
L2C2

)

Dnbobu(s)
Hii22 =

îL2

î02
=

1

L
′
2C2

(s2 + s
R1C1

+ (1−D1)2

L1C1
)

Dnbobu(s)

Hii12 =
îL1

î02
=

M

L2L
′
1C2

s(s+ 1
R1C1

)

Dnbobu(s)
Hii21 =

îL2

î01
=
M(1−D1)

L1L
′
2C1

s(s+ 1
R2C2

)

Dnbobu(s)

(2.68)

Small-signal transfer functions between the state variable and duty cycles:

The small-signal open-loop transfer functions between the state variable and duty cycles are

derived using (2.21). In CI-SIDO boost and buck converter, A1 = A2, B2 = B3, (2.21) becomes

x̂(s) = (sI−Aav)
−1{[(B1 −B2)U]d̂2(s) + [(A2 −A3)X]d̂1(s)}

and is expressed as

îL1(s)

v̂01(s)

îL2(s)

v̂02(s)


=



s (1−D1)

L
′
1

0 M

L2L
′
1

−(1−D1)
C1

s+ 1
C1R1

0 0

0 M(1−D1)

L1L
′
2

s 1

L
′
2

0 0 −1
C2

s+ 1
C2R2



−1 

MVin
L2L

′
1

Vin
L
′
1(1−D2)

0 −Vin
R1C1(1−D1)2

Vin
L
′
2

MVin
L1L

′
2(1−D1)

0 0


d̂2(s)
d̂1(s)

 (2.69)

Inductor current to duty cycle transfer functions: Solving first and third line of (2.69), we

obtain the duty cycles to inductor currents transfer functions as

Gid11 =
îL1

d̂1
=

Vin
L
′
1(1−D1)

(s+ 2
R1C1

)(s2 + s
R2C2

+ 1
L2C2

)

Dnbobu(s)

Gid22 =
îL2

d̂2
=
Vin
L
′
2

(s+ 1
R2C2

)(s2 + s
R1C1

+ (1−D1)2

L1C1
)

Dnbobu(s)

(2.70)

Gid12 =
îL1

d̂2
=
MVin
L2L

′
1

s(s+ 1
R1C1

)(s+ 1
R2C2

)

Dnbobu(s)
Gid21 =

îL2

d̂1
=

MVin
L1L

′
2(1−D1)

s(s+ 1
R2C2

)(s+ 2
R1C1

)

Dnbobu(s)

(2.71)

Small-signal transfer functions between the output variables and input variables:

The small-signal open-loop transfer functions between the output variables and input variables

are derived using (2.22) and is written as

ŷ(s) =
(
Cav(sI−Aav)

−1Bav + Dav

)
û(s)
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which is expressed as

v̂01(s)
v̂02(s)

 =

0 1 0 0

0 0 0 1




s (1−D1)

L
′
1

0 M

L2L
′
1

−(1−D1)
C1

s+ 1
C1R1

0 0

0 M(1−D1)

L1L
′
2

s 1

L
′
2

0 0 −1
C2

s+ 1
C2R2



−1 

1

L
′
1

(1 + MD2

L2
) 0 0

0 − 1
C1

0

1

L
′
2

(D2 + M
L1

) 0 0

0 0 − 1
C2




v̂in(s)

î01(s)

î02(s)


(2.72)

Input voltage to output voltage (Audio-susceptibility) transfer functions: The input voltage to

output transfer functions are found by solving (2.72), making the î01 = î02 = 0 and is given by:

Gvg1 =
v̂01
v̂in

=
1−D1

L
′
1C1

(s2 + s
R2C2

+ 1
L2C2

+ MD2

L2
(s2 + s

R2C2
))

Dnbobu(s)

Gvg2 =
v̂02
v̂in

=
1

L
′
2C2

(D2(s
2 + s

R1C1
+ (1−D1)2

L1C1
) + M

L1
(s2 + s

R1C1
))

Dnbobu(s)

(2.73)

Load current to output voltage (Load Regulation) transfer functions: The load currents to

output transfer functions are found by solving (2.72), making the v̂in = 0 and is given by:

Self-regulation transfer functions:

Zvi11 =
v̂01

î01
=
−s
C1

(s2 + s
R2C2

+ 1

L
′
2C2

)

Dnbobu(s)
Zvi22 =

v̂02

î02
=
−s
C2

(s2 + s
R1C1

+ (1−D1)2

L1C1
)

Dnbobu(s)
(2.74)

cross-regulation transfer functions:

Zvi12 =
v̂01

î02
=
M(1−D1)

L2L
′
1C1C2

s

Dnbobu(s)
Zvi21 =

v̂02

î01
=
M(1−D1)

L1L
′
2C1C2

s

Dnbobu(s)
(2.75)

Small-signal transfer functions between the output variable and duty cycles:

The small-signal open-loop transfer functions between the output variables and duty cycles

can be obtained from (2.23). In CI-SIDO boost and buck converter A1 = A2, B2 = B3

C1 = C2 = C3, D1 = D2 = D3, (2.23) becomes as

ŷ(s) = {(Cav(sI−Aav)
−1[(B1 −B2)U])}d̂2(s) + {(Cav(sI−Aav)

−1[(A2 −A3)X])}d̂1(s)

=⇒ ŷ(s) = Cav(sI−Aav)
−1
[
(B1 −B2)U (A2 −A3)X

]d̂2(s)
d̂1(s)


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and is expressed as

v̂01(s)
v̂02(s)

 =

0 1 0 0

0 0 0 1




s (1−D1)

L
′
1

0 M

L2L
′
1

−(1−D1)
C1

s+ 1
C1R1

0 0

0 M(1−D1)

L1L
′
2

s 1

L
′
2

0 0 −1
C2

s+ 1
C2R2



−1 

MVin
L2L

′
1

Vin
L
′
1(1−D2)

0 −Vin
R1C1(1−D1)2

Vin
L
′
2

MVin
L1L

′
2(1−D1)

0 0


d̂2(s)
d̂1(s)


(2.76)

Duty cycle to output voltage transfer functions: Solving (2.76), we obtain the duty cycles to

output voltages transfer functions as

Gvd11 =
v̂01

d̂1
=

Vin
L
′
1C1

(s2 + s
R2C2

+ 1

L
′
2C2

)(
−L′1s

R1(1−D1)2
+ 1)− M2

L1L2L
′
2C2

Dnbobu(s)

Gvd22 =
v̂02

d̂2
=

Vin
L
′
2C2

(s2 + s
R1C1

+ (1−D1)2

L1C1
)

Dnbobu(s)

(2.77)

Cross-coupling transfer functions:

Gvd12 =
v̂01

d̂2
=
MVin(1−D1)

L2L
′
1C1

s(s+ 1
R2C2

)

Dnbobu(s)

Gvd21 =
v̂02

d̂1
=

MVin
L1L

′
2C2(1−D1)

s(s+ 2
R1C1

)

Dnbobu(s)

(2.78)

2.6 Small-signal Model of CI-SIDO Converter

Using all the transfer functions, the small-signal model of CI-SIDO converters can be rep-

resented in matrix form asîL1
îL2

 =

Gid11 Gid12

Gid21 Gid22


d̂1
d̂2

+

Gig1

Gig2

[v̂in]+

Hii11 Hii12

Hii21 Hii22


î01
î02

 (2.79)

v̂01
v̂02

 =

Gvd11 Gvd12

Gvd21 Gvd22


d̂1
d̂2

+

Gvg1

Gvg2

[v̂in]+

Zvi11 Zvi12

Zvi21 Zvi22


î01
î02

 (2.80)

Equation (2.79) represent how the variation in input voltage, load currents affect the inductor

currents. Equation (2.80) show how the variation in input voltage, load currents affect the

output voltages.
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2.7 Conclusion

This chapter presents the steady-state analysis and small-signal modelling of three topologies

of CI-SIDO converter, i.e., CI-SIDO buck, CI-SIDO boost, CI-SIDO boost and buck converter.

From the steady-state analysis it is observed that mutual coupling does not affect the steady-

state behaviour, i.e., steady-state of CI-SIDO converter behave the same as SISO converter.

However, the dynamic behaviour of CI-SIDO converter is different from SISO converter as the

order of CI-SIDO converter has increase to fourth order. Due to the coupling, there are addi-

tional cross-regulation and cross-coupling transfer functions. These are absent in SISO buck

converter and SISO boost converter.

Note: Major part of this chapter is reproduced from my publications:

1. G. Nayak and S. Nath, ”Small Signal Model for Current Mode Control of Cou-

pled Inductor SIDO Buck Converter,” 2019 IEEE Transportation Electrification

Conference (ITEC-India), Bengaluru, India, 2019, pp. 1-6.

doi: 10.1109/ITEC-India48457.2019.ITECINDIA2019-252.

2. G. Nayak and S. Nath, ”Unaffected Dynamic Performance of Coupled SIDO

Converters Due to Phase Shift,” 2019 National Power Electronics Conference

(NPEC), Tiruchirappalli, India, 2019, pp. 1-6.

doi: 10.1109/NPEC47332.2019.9034867.
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3. Choosing Coefficient of Coupling for Coupled SIDO Converters

3.1 Introduction

The coefficient of coupling k between the two magnetically coupled inductors play an im-

portant role in the dynamic behaviour of CI-SIDO converters. The transfer function derived

in Chapter 2 shows that complex poles and zeros of the converter, cross-coupling and cross-

regulation are affected by the choice of k. Hence, this chapter investigates the effect of coefficient

of coupling k on characteristics of CI-SIDO buck converter and CI-SIDO boost converter and

finds the suitable choices for k.

3.2 Effect of Coefficient of Coupling on Boundary Value

of Inductance

To ensure continuous conduction mode (CCM) of operation, the inductance L1, L2 of cou-

pled inductor should be chosen larger than the boundary value. The boundary inductance value

of two type of CI-SIDO converter topologies, i.e., CI-SIDO buck converter and CI-SIDO boost

converter are calculated and effect of k on the boundary value of inductance are analysed in

the following subsections.

3.2.1 CI-SIDO Buck Converter

The inductance at the boundary of CCM and DCM for CI-SIDO buck converter is calculated

and are given by

L1 =
R1(D1D

′
1 + M

L2
D2D

′
2)

2D1fs(1− k2)
; L2 =

R2(D2D
′
2 + M

L1
D1D

′
1)

2D2fs(1− k2)
(3.1)

It is noted that with increase in k, the boundary inductance value increases. Figure 3.1 shows

the plot of inductor values with increase in k for CI-SIDO buck converter. From the figure it

is observed that the boundary inductance value is high with tight coupling, i.e., k > 0.8.
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Figure 3.1: Boundary inductance value of CI-SIDO buck converter with variation in k considering
Vin = 10, d1 = 0.6, d2 = 0.33, R1 = 12Ω, R2 = 6.6Ω (a) L1 (b) L2

0 0.2 0.4 0.6 0.8 1
0

200

400

600

800

k

L
1 (

uH
)

(a)

0 0.2 0.4 0.6 0.8 1
0

500

1000

1500

2000

k

L
2 (

uH
)

(b)

Figure 3.2: Boundary inductance value of CI-SIDO boost converter with variation in k considering
Vin = 5, d1 = 0.583, d2 = 0.375, R1 = 24Ω, R2 = 16Ω (a) L1 (b) L2

3.2.2 CI-SIDO Boost Converter

The inductance at the boundary of CCM and DCM for CI-SIDO boost converter is calcu-

lated and are given by

L1 =
R1D

′
1

2
(D1 + M

L2
D2)

2fs(1− k2)
; L2 =

R2D
′
2

2
(D2 + M

L1
D1)

2fs(1− k2)
(3.2)

Figure 3.2 shows the plot of inductor values with increase in k for CI-SIDO boost converter.

From the figure it is observed that with tight coupling, i.e., k > 0.8, the boundary inductance

value is very large.
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3. Choosing Coefficient of Coupling for Coupled SIDO Converters

3.3 Effect of Coefficient of Coupling on Duty Cycle to

Output Voltage Transfer Functions

Duty cycle to output voltage transfer functions are used to design controller and analyse

the stability of the converter. Thus, following subsection analyses the effect of k on the duty

cycle to output voltage transfer functions of two topologies of CI-SIDO converter, i.e., CI-SIDO

buck converter and CI-SIDO boost converter using root locus plot, bode plot and step response

plot. The parameter used in the analysis are shown in Table 3.1.

3.3.1 CI-SIDO Buck Converter

The duty cycle to output voltage transfer functions Gvd11, Gvd22 for CI-SIDO buck converter

are derived in Chapter 2 and considering ideal condition the transfer functions are given by

Gvd11 =
Vin
L
′
1C1

(s2 + s
R2C2

+ 1
L2C2

)

(s2 + s
R2C2

+ 1

L
′
2C2

)(s2 + s
R1C1

+ 1

L
′
1C1

)− k2

L
′
1L
′
2C1C2

Gvd22 =
Vin
L
′
2C2

(s2 + s
R1C1

+ 1
L1C1

)

(s2 + s
R2C2

+ 1

L
′
2C2

)(s2 + s
R1C1

+ 1

L
′
1C1

)− k2

L
′
1L
′
2C1C2

(3.3)

The duty cycle to output voltage transfer functions as given in (3.3) can be written in pole-zero

form as

Gvd11 =
G01(s

2 + wz1

Qz1
s+ w2

z1)

(s2 + wp1

Qp1
s+ w2

p1)(s
2 + wp2

Qp2
s+ w2

p2)

Gvd22 =
G02(s

2 + wz2

Qz2
s+ w2

z2)

(s2 + wp1

Qp1
s+ w2

p1)(s
2 + wp2

Qp2
s+ w2

p2)

(3.4)

where, G01 = Vin
L
′
1C1

, G02 = Vin
L
′
2C2

wp1 ≈
wp1−BC√

1 + k
, wp2 ≈

wp2−BC√
1− k

, wz1 = wp2−BC , wz2 = wp1−BC

Qp1 ≈
Qp1−BC√

1 + k
, Qp2 ≈

Qp2−BC√
1− k

, Qz1 = Qp2−BC , Qz2 = Qp1−BC

(3.5)

where, wp1−BC , wp2−BC , Qp1−BC , Qp2−BC are the resonant frequency of complex poles, its

quality factors of SISO buck converters and are given as wp1−BC =
√

1
L1C1

, Qp1−BC = R1

√
C1

L1

, wp2−BC =
√

1
L2C2

, Qp2−BC = R2

√
C2

L2
.
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3.3 Effect of Coefficient of Coupling on Duty Cycle to Output Voltage Transfer
Functions

Table 3.1: Parameters of CI-SIDO converter

CI-SIDO Buck converter
Parameter Vin V01 V02 R1, R2 L1 = L2 C1 = C2 fs

values 10 V 6 V 3.3 V 12 Ω, 6.6 Ω 115 µH 320 µF 100 kHz
CI-SIDO Boost converter

values 5 V 10 V 7 V 24 Ω, 14 Ω 115 µH 220 µF 100 kHz
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Figure 3.3: Variation of resonant frequencies wp1, wp2, wz1 with k

According to (3.4), the transfer function Gvd11 has two complex poles and one complex zero.

From (3.5), resonant frequency of complex poles wp1, wp2 depends on k and resonant frequency

of complex zeros wz1 doesn’t depend on k. Thus, with variation in k, wz1 is fixed while wp1,

wp2 varies. Figure 3.3 shows the plot of wp1, wp2, wz1 with k variation. From (3.5) and Figure

3.3, it can be observed, the Gvd11 has interlaced pole-zero distribution as

wp1 << wz1 << wp2 (3.6)

Same is true for Gvd22 as well. The interlaced pole and zero distribution makes the CI-

SIDO buck converter to behave as 2nd order (buck converter) both in low and high frequency

region. However, in mid-frequency region, frequency response exhibits multiple resonant peaks

as shown in Figure 3.4. The resonant peak is due to the quality factor of poles and zero. From

(3.5), quality factor of complex poles depend on k and quality factor of complex zero doesn’t

depend on k. Figure 3.5 shows the variation of Qp1, Qp2 with k. From (3.5) and Figure 3.5,

it is seen that with increase in k, Qp2 increases and Qp1 decreases. Increase in quality factor

result in more oscillation in transient response which eventually increases the settling time.
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Figure 3.6: (a) Step response of Gvd11 of CI-SIDO buck considering circuit parasitics with medium
and tight coupling (b) Settling time of Gvd11 for CI-SIDO buck as function of k

Figure 3.6(a) shows the step response of Gvd11 with medium and tight coupling and Figure

3.6(b) shows the change in settling time Ts with k. It is observed that with increase in k,

settling time increases.
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3.3 Effect of Coefficient of Coupling on Duty Cycle to Output Voltage Transfer
Functions

3.3.2 CI-SIDO Boost Converter

The duty cycle to output voltage transfer functions Gvd11 = v̂01
d̂1

, Gvd22 = v̂02
d̂2

of CI-SIDO

boost converter are given by

Gvd11 =

Vin
L
′
1C1

(s2 + s
R2C2

+ (1−D2)2

L
′
2C2

)(
−L′1s

R1(1−D1)2
+ 1)− k2(1−D2)2

L
′
2C2

(s2 + s
R2C2

+ (1−D2)2

L
′
2C2

)(s2 + s
R1C1

+ (1−D1)2

L
′
1C1

)− k2(1−D1)2(1−D2)2

L
′
1L
′
2C1C2

Gvd22 =

Vin
L
′
2C2

(s2 + s
R1C1

+ (1−D1)2

L
′
1C1

)(
−L′2s

R2(1−D2)2
+ 1)− k2(1−D1)2

L
′
1C1

(s2 + s
R2C2

+ (1−D2)2

L
′
2C2

)(s2 + s
R1C1

+ (1−D1)2

L
′
1C1

)− k2(1−D1)2(1−D2)2

L
′
1L
′
2C1C2

(3.7)

and can be written in pole-zero form as

Gvd11 =
G01(1− s

wrhz1
)(s2 + wz1

Qz1
s+ w2

z1)

(s2 + wp1

Qp1
s+ w2

p1)(s
2 + wp2

Qp2
s+ w2

p2)

Gvd22 =
G02(1− s

wrhz2
)(s2 + wz2

Qz2
s+ w2

z2)

(s2 + wp1

Qp1
s+ w2

p1)(s
2 + wp2

Qp2
s+ w2

p2)

(3.8)

where, G01 = Vin
L
′
1C1

, G02 = Vin
L
′
2C2

wp1 ≈
wp1−BO√

1 + k
, wp2 ≈

wp2−BO√
1− k

, wz1 ≈ wp2−BC , wz2 ≈ wp1−BO

Qp1 ≈
Qp1−BO√

1 + k
, Qp2 ≈

Qp2−BO√
1− k

, Qz1 ≈
Qp2−BO

1− k2
, Qz2 ≈

Qp1−BO

1− k2

wrhz1 ≈
wrhz1−BO

1− k2
, wrhz2 ≈

wrhz2−BO
1− k2

(3.9)

where, wp1−BO, wp2−BO, Qp1−BO, Qp2−BO are the resonant frequencies of complex poles, its

quality factors of SISO boost converters, respectively and are given by wp1−BO = (1−D1)√
L1C1

,

Qp1−BO = (1−D1)R1

√
C1

L1
, wp2−BO = (1−D2)√

L2C2
, Qp2−BO = (1−D2)R2

√
C2

L2
, wrhz1−BO = R1(1−D1)2

L1
,

wrhz2 = R2(1−D2)2

L2
.

According to (3.8), the transfer function Gvd11 has two complex poles, one complex zero

and one right half plane (RHP) zero. From (3.9), wp1, wp2 depend on k and wz1, wz2 does not

depend on k. Thus, with variation in k, wz1, wz2, are fixed while wp1, wp2 varies. From (3.9), it

is observed that, the Gvd11 of CI-SIDO boost has interlaced pole-zero distribution as given in

(3.6). The interlaced pole and zero distribution exhibit multiple resonant peaks around mid-

frequency range. The resonant peak is due to the quality factor of poles and zero. From (3.9),
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Figure 3.7: Effect of k on quality factors of Gvd11 of CI-SIDO boost (a) Qp1, Qp2 (b) Qz1

Figure 3.8: Pole zero map for Gvd11 of CI-SIDO boost converter (a) medium coupling (k=0.5) (b)
tight coupling (k=0.9)

it is found that quality factor of complex poles and zero depend on k. Figure 3.7 shows the

plot of quality factors as a function of k and is observed that with increase in k, Qp1 decrease,

Qz1, Qp2 increases. Moreover, it is observed, with tight coupling the Qz1 becomes negative that

means the complex zero moves to right half plane (RHP). Figure 3.8 shows the pole-zero map

for Gvd11 with medium and tight coupling and is observed that with tight coupling the complex

zero moves to right half plane. The RHP complex zero with high quality factor, changes the

phase abruptly and lead to instability as shown in Figure 3.10.

Figure 3.9 shows the asymptotic magnitude plots of Gvd11 with variation in Q factors and is

58

TH-2784_146102037



3.4 Effect of Coefficient of Coupling on Cross-coupling

1pw 2pw

1pQ

2pQ

1
1

|
|

vd
G

-2

-2

-1
0 dB

1zQ

1zw1pw 2pw

1pQ

2pQ

0 dB

-2

-2
-1

1zw

1zQ

1rhzw 1rhzw

(a) (b)

1
1

|
|

vd
G

Figure 3.9: Asymptotic bode of Gvd11 of CI-SIDO boost (a) Low Q-factor (k=0.4) (b) High Q-factor
(k=0.9)

−50

0

50

100

M
ag

. (
dB

)

 

 
G

vd11

Frequency  (kHz)
10

−1
10

0
10

1
10

2
−720

−540

−360

−180

0

P
ha

se
 (

de
g)

Abrupt phase change

k=0.8k=0.6 k=0.95k=0.4

0 dB crossing
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observed that with high Qz1 the system undergoes multiple 0 dB crossing, i.e., system lead to

conditional stability. Figure 3.10 shows the bode plot of Gvd11 with increase in k. From Figure

3.10 it is observed that with tight coupling, the magnitude plot of Gvd11 shows multiple 0 dB

crossing and phase plot of Gvd11 shows abrupt phase change. This is due to right half complex

zero and it makes difficult to design controller.

3.4 Effect of Coefficient of Coupling on Cross-coupling

Cross-coupling is defined as the effect on the output voltage of one sub-converter due to

variation in duty cycle of other sub-converter. The cross-coupling in CI-SIDO converter occur

due to coefficient of coupling k and affects the converter performance. Following subsection

analyses the effect of k on the cross-coupling transfer function of CI-SIDO buck converter and
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Figure 3.11: Bode plot for cross-coupling transfer function Gvd21 of CI-SIDO buck with different k

CI-SIDO boost converter using bode plot, step response plot. The parameter used are shown

in Table 3.1

3.4.1 CI-SIDO Buck Converter

The cross-coupling transfer functions of CI-SIDO buck converters are given by

Gvd12 =
k
√

L1

L2

Vin
L
′
1C1

s(s+ 1
R2C2

)

(s2 + s
R2C2

+ 1

L
′
2C2

)(s2 + s
R1C1

+ 1

L
′
1C1

)− k2

L
′
1L
′
2C1C2

Gvd21 =
k
√

L2

L1

Vin
L
′
2C2

s(s+ 1
R1C1

)

(s2 + s
R2C2

+ 1

L
′
2C2

)(s2 + s
R1C1

+ 1

L
′
1C1

)− k2

L
′
1L
′
2C1C2

(3.10)

From (3.10) it is observed that cross-coupling transfer function have a zero at origin which

means cross-coupling only affects the transient performance. Moreover, it is found that gain

of cross-coupling transfer function depends on k. Thus with increase in k, the gain increases.

Figure 3.11 shows the bode plot of cross-coupling transfer function Gvd21 with different k value

for CI-SIDO buck converter. It is observed from Figure 3.11 that with increase in k, the

resonant peak increases. Figure 3.12 shows the step response of Gvd21 with increase in k and

is observed that with increase in k the overshoot and settling time of step response of output

voltage increases. Figure 3.12(b) shows the plot of overshoot in v02 with increase in k and is

found that with increase in k, cross-coupling effect (overshoot in output voltage) increases.
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Figure 3.13: Effect of k on cross-coupling transfer function Gvd21 of CI-SIDO boost

3.4.2 CI-SIDO Boost Converter

The cross-coupling transfer functions of CI-SIDO boost converters are given by

Gvd12 = k

√
L1

L2

VinD
′
1

L
′
1C1D

′
2

s(s+ 2
R2C2

)

(s2 + s
R2C2

+ (1−D2)2

L
′
2C2

)(s2 + s
R1C1

+ (1−D1)2

L
′
1C1

)− k2(1−D1)2(1−D2)2

L
′
1L
′
2C1C2

Gvd21 = k

√
L2

L1

VinD
′
2

L
′
2C2D

′
1

s(s+ 2
R1C1

)

(s2 + s
R2C2

+ (1−D2)2

L
′
2C2

)(s2 + s
R1C1

+ (1−D1)2

L
′
1C1

)− k2(1−D1)2(1−D2)2

L
′
1L
′
2C1C2

(3.11)

From (3.11) it is observed that cross-coupling transfer function depend on k and only affects the

transient performance. Figure 3.13 shows the step response of cross-coupling transfer function

Gvd21 with different k value for CI-SIDO boost converter. Same observation is found that with

increase in k, the maximum overshoot increases.
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3.5 Effect of Coefficient of Coupling on Load Regulation

In CI-SIDO converters, load regulation is divided into two part, i.e., self-regulation and

cross-regulation. Self-regulation is defined as the effect on the output voltage of one sub-

converter due to variation in load current of same sub-converter. Cross-regualtion is defined

as the effect on the output voltage of one sub-converter due to variation in load current of

other sub-converter. The cross-regulation in CI-SIDO converter occur due to k and affects the

converter performance. Following subsection analyzes the effect of k on the self-regulation and

cross-cross-regulation transfer function of two type of CI-SIDO converters, i.e., CI-SIDO buck

converter and CI-SIDO boost converter using bode plot and step response plot. The parameter

used are shown in Table 3.1.

3.5.1 CI-SIDO Buck Converter

The self-regulation transfer functions of CI-SIDO buck converter are given by:

Zvi11 =

−s
C1

(s2 + s
C2R2

+ 1

C2L
′
2

)

(s2 + s
R2C2

+ 1

L
′
2C2

)(s2 + s
R1C1

+ 1

L
′
1C1

)− k2

L
′
1L
′
2C1C2

Zvi22 =

−s
C2

(s2 + s
C1R1

+ 1

C1L
′
1

)

(s2 + s
R2C2

+ 1

L
′
2C2

)(s2 + s
R1C1

+ 1

L
′
1C1

)− k2

L
′
1L
′
2C1C2

(3.12)

The cross-regulation transfer functions of CI-SIDO buck converter are given by:

Zvi12 =
k
√

L1

L2

s

C1C2L
′
1

(s2 + s
R2C2

+ 1

L
′
2C2

)(s2 + s
R1C1

+ 1

L
′
1C1

)− k2

L
′
1L
′
2C1C2

Zvi21 =
k
√

L2

L1

s

C1C2L
′
2

(s2 + s
R2C2

+ 1

L
′
2C2

)(s2 + s
R1C1

+ 1

L
′
1C1

)− k2

L
′
1L
′
2C1C2

(3.13)

From (3.12), (3.13) it is observed that self-regulation and cross-regulation transfer functions

have a zero at origin. Due to the presence of zero at origin, self-regulation and cross-regulation

transfer functions affect only the transient performance. Moreover, it is observed that, k directly

affects the cross-regulation transfer functions.

Figure 3.14 shows the step response of Zvi11, Zvi21 with different k value. From Figure

62

TH-2784_146102037



3.5 Effect of Coefficient of Coupling on Load Regulation

0 1 2 3 4
5.4

5.5

5.6

5.7

5.8

5.9

6

 

 
Z

vi11

Time (milliseconds)

A
m

pl
itu

de

k=0.3

k=0.6

k=0.9

(a)

Z
vi21

Time (milliseconds)

A
m

pl
itu

de

0 1 2 3 4
2.8

2.9

3

3.1

3.2

3.3

3.4

 

 
k=0.3

k=0.6

k=0.9

k increases

(b)

Figure 3.14: Effect of k on self-regulation and cross-regulation transfer function of CI-SIDO buck
(a) Zvi11 (b) Zvi21

3.14 it is observed that with increase in k, the self-regulation effect (undershoot) decreases and

cross-regulation effect (overshoot) increases.

3.5.2 CI-SIDO Boost Converter

The self-regulation transfer functions of CI-SIDO boost converter are given by:

Zvi11 =

−s
C1

(s2 + s
R2C2

+
D
′
2

2

L
′
2C2

)

(s2 + s
R2C2

+ (1−D2)2

L
′
2C2

)(s2 + s
R1C1

+ (1−D1)2

L
′
1C1

)− k2(1−D1)2(1−D2)2

L
′
1L
′
2C1C2

Zvi22 =

−s
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(s2 + s
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+
D
′
1

2

L
′
1C1

)

(s2 + s
R2C2

+ (1−D2)2

L
′
2C2

)(s2 + s
R1C1

+ (1−D1)2

L
′
1C1

)− k2(1−D1)2(1−D2)2

L
′
1L
′
2C1C2

(3.14)

The cross-regulation transfer function of CI-SIDO boost converter are given by:

Zvi12 = k

√
L1

L2

D
′
1D

′
2

L
′
1C1C2

s

(s2 + s
R2C2

+ (1−D2)2

L
′
2C2

)(s2 + s
R1C1

+ (1−D1)2

L
′
1C1

)− k2(1−D1)2(1−D2)2

L
′
1L
′
2C1C2

Zvi21 = k

√
L2

L1

MD
′
1D

′
2

L
′
2C1C2

s

(s2 + s
R2C2

+ (1−D2)2

L
′
2C2

)(s2 + s
R1C1

+ (1−D1)2

L
′
1C1

)− k2(1−D1)2(1−D2)2

L
′
1L
′
2C1C2

(3.15)

From (3.14), (3.15) it is observed that self-regulation and cross-regulation transfer functions

only affect the transient performance due to the presence of zero at origin. Moreover, it is

observed that, k directly affects the low frequency gain of cross-regulation transfer functions.
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Figure 3.15: Effect of k on self-regulation and cross-regulation transfer function of CI-SIDO boost
(a) Zvi11 (b) Zvi21

Figure 3.15 shows the magnitude plot of self-regulation Zvi11 and cross-regulation Zvi21

transfer function for different k value. It is observed that, with increase in k, resonant peak of

Zvi11 decreases and resonant peak of Zvi21 increases. Thus, it is concluded that with increase

in k, self-regulation (undershoot) decreases and cross-regulation effect (overshoot) increases.

3.6 Main Findings and Choice of k

Based on the analysis following are the effects of mutual coupling on CI-SIDO converter:

(i) With increase in coupling, the boundary inductance value increase. Thus for tight cou-

pling higher value of L1, L2 are needed to operate the converter in CCM and hence effects

the power density of converter.

(ii) In CI-SIDO converters the quality factors of resonant pole and zero frequencies depend

on k. Thus, as k increases the quality factors increases. In frequency response, increase

in quality factors lead to increase in magnitude of resonant peaks which may lead to

conditional stability. In time domain, increase in quality factors lead to increase in settling

time which degrade transient characteristics of the converter.

(iii) In CI-SIDO boost converter, the complex zero of control-to-output transfer functions
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Figure 3.16: Bode plot of Gvd11 of CI-SIDO boost at k = 0.95 with different ESR of capacitors rci
where i = {1, 2}

(Gvd11, Gvd22) depend on k. Thus, with tight coupling, the complex zero moves to right

half plane and degrade the system stability.

(iv) It is also observed that the cross-coupling and cross-regulation transfer functions of CI-

SIDO converter depends on k. Thus, with tight coupling, cross-coupling and cross-

regulation effect increases which degrade the dynamic performance of the converter.

The conditional stability and RHP complex zero can be avoided by increasing the effective

series resistance (ESR) of capacitors and inductors as observed in Figure 3.16. The reason is

that quality factors depends on ESR and it reduces with increase in ESR. However, high values

of ESR reduces the efficiency of converter.

Therefore, to prevent conditional stability and obtain better dynamic characteristic of CI-

SIDO converter medium coupling (0.4 < k < 0.7) of coupled inductor is preferred.

3.7 Experimental Verification

To verify the theoretical analysis, experiments are performed for CI-SIDO buck and CI-

SIDO boost converter. The experimental prototype of CI-SIDO converter is shown in Figure

3.17.
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Figure 3.17: Experimental prototype of CI-SIDO converter
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Figure 3.18: Steady state experimental results of CI-SIDO buck converter

3.7.1 Experimental Results of CI-SIDO Buck Converter

The circuit parameters of CI-SIDO buck converter are:

Vin = 10 V, D1 = 0.5, D2 = 0.3, C1 = C2 = 320 µF, R1 = 6 Ω, R2 = 3 Ω, fs = 50 kHz.

The experiment of CI-SIDO buck converter is done for two cases, i.e., Case I: medium coupling

k = 0.45 and Case II: tight coupling k = 0.8. The coupled inductor values for two cases are:

Case I: L1 = 118 µH, L2 = 112 µH, M = 52 µH.

Case II: L1 = 118 µH, L2 = 112 µH, M = 92 µH.

3.7.1.1 Steady-state Results

Corresponding to duty cycle D1 = 0.5, D2 = 0.3, the steady-state output voltages are

V01 = 5 V, V02 = 3 V for ideal case. Figure 3.18 shows the steady-state results of CI-SIDO

buck converters. The obtained steady-state values are V01 = 4.6 V, V02 = 2.6 V. This is due to

the practical nature of semiconductor switches, such as diode forward drop, MOSFET on-state

resistance, etc.
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Figure 3.19: Experimental results of CI-SIDO buck converter for step change in d1 (a) Medium
coupling k = 0.45 (b) Tight coupling k = 0.8

3.7.1.2 Transient Waveform

Figure 3.19 shows the transient response of CI-SIDO buck with medium and tight coupling

for step change is duty cycle D1. In medium coupling case as shown in Figure 3.19(a), when D1

changes from 0.5 to 0.6, V01 changes from 4.6 V to 5.6 V in time 1.24 ms with overshoot 0.24 V

and V02 experience cross-coupling effect (overshoot) of 0.21 V. In tight coupling case as shown

in Figure 3.19(b), the settling time increases to 2.4 ms, and cross-coupling in V02 increases to

0.4 V. Thus, from Figure 3.19, it is conclude that with tight coupling cross-coupling and settling

time increases. This validated the theoretical analysis.

3.7.2 Experimental Results of CI-SIDO Boost Converters

The circuit parameters of CI-SIDO boost converter are:

Vin = 5 V, D1 = 0.5, D2 = 0.3, C1 = C2 = 220 µF, R1 = 24 Ω, R2 = 14 Ω, fs = 50 kHz. The

experiment of CI-SIDO boost converter is done for two cases as like CI-SIDO buck.

3.7.2.1 Steady-state Results

Corresponding to duty cycle D1 = 0.5, D2 = 0.3, the steady-state output voltages are

V01 = 10 V, V02 = 7.14 V for ideal case. Figure 3.20 shows the steady-state results of CI-SIDO
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IL2 = 0.68 A

V01 = 9.6 V

V02 = 6.8 V

01v

02v

2Li

1Li

Figure 3.20: Steady state experimental results CI-SIDO boost converter
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01v

01v
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Figure 3.21: Experimental results of CI-SIDO boost converter for step change in d1 (a) medium
coupling (b) tight coupling

boost converters. The obtained steady-state values are V01 = 9.6 V, V02 = 6.8 V. This is due

to the practical nature of semiconductor switches.

3.7.2.2 Transient Results

Figure 3.21 shows the transient response of CI-SIDO boost converter with medium and tight

coupling for step change in D1. In medium coupling case (Figure 3.21(a)), when D1 changes

from 0.5 to 0.6, V01 changes from 9.6 V to 12 V in time 4 ms with overshoot 0.41 V and V02

experience cross-coupling effect (overshoot) of 0.3 V. In tight coupling case (Figure 3.21(b)), the

settling time increases to 5.5 ms, overshoot in V01 is 0.39 V and cross-coupling in V02 increases

to 1.1 V. Thus, from Figure 3.21, it is conclude that with tight coupling cross-coupling and

settling time increases. This validated the theoretical analysis.
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3.8 Conclusion

3.8 Conclusion

This chapter describes how the coefficient of coupling k affects the frequency domain and

time domain characteristics of CI-SIDO converters, i.e., CI-SIDO buck converter and CI-SIDO

boost converter. The analyses is carried out using various transfer functions derived in Chapter

2. It is observed that with increase in coefficient of coupling k, the pole and zeros varies and

the converter control-to-output transfer functions has interlaced pole-zero distribution. With

interlaced pole-zero distribution converter the controller design is easy. However, it is observed

that with increase in k, the complex zero moves to right half plane which cause instability

and also experience multiple resonant peak and may lead to conditional stability. Moreover,

it is found that with increase in k, the cross-coupling and cross-regulation effect increases.

Therefore, to prevent RHP complex zero, conditional stability and reduce cross-coupling and

cross-regulation effect, moderate coupling is preferred for CI-SIDO converters.
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4. Decoupled Voltage Mode Control of CI-SIDO Buck Converter

4.1 Introduction

Chapter 2 has presented the modelling of CI-SIDO buck converter. The modelling shows

that two output voltages are coupled, leading to cross-coupling and cross-regulation problems,

due to coupling in the inductor currents. Each output voltage suffers from cross-regulation

effect when there is a step-change in load of other output. This affects system performance.

The duty cycle of one output is coupled to the other output through the cross-coupling transfer

function. This makes it challenging to find the loop gains for outputs to design the controller.

Thus, with a dual output converter, the converter control, and design becomes complex as

compared to the SISO buck converter.

The objective of this chapter is to present the small-signal analysis of CI-SIDO buck con-

verter with voltage-mode control. The analysis is focused on developing a decoupling condition

that can decouple the two outputs and make the controller design independent. The effect of

decoupling on the closed-loop transfer functions of the system are analyzed. Also, the stability

of the closed-loop system is studied. Based on the condition of decoupling and stability, the

procedure for the compensator design is derived. Finally, the proposed decoupling methods are

validated both using simulations and experiments.

4.2 Circuit Operation of CI-SIDO Buck Converter with

Voltage Mode Control

The CI-SIDO buck converter with voltage mode control is shown in Figure 4.1(a). For two

output in CI-SIDO buck converter, two feedback loops are realized. The feedback loops are

formed using two controllers Gv1, Gv2, two pulse width modulator (PWM) gains Gm1, Gm2 and

two feedback gains β1, β2. In voltage mode control, the duty cycles d1, d2 are controlled by the

control voltages vcn1, vcn2 which are derived from the reference voltage vref1, vref2 and feedback

voltage vf1, vf2. Using the small-signal model of CI-SIDO buck converter developed in Chapter

2, the small-signal block diagram model of closed-loop voltage mode controlled CI-SIDO buck

converter is shown in Figure 4.1(b).
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Figure 4.1: Voltage mode control of CI-SIDO buck converter

4.3 Proposed Decoupled Voltage Mode Control of CI-

SIDO buck Converter

The output voltages as shown in Figure 4.1(b) can be written asv̂01
v̂02

 =

Gvd11 Gvd12

Gvd21 Gvd22


d̂1
d̂2

 +

Gvg1

Gvg2

[v̂in]+

Zvi11 Zvi12

Zvi21 Zvi22


î01
î02

 (4.1)

The duty cycles are generated by the controllers as shown in Figure 4.1(b) and is given asd̂1
d̂2

 =

Gv1Gm1 0

0 Gv2Gm2


v̂ref1 − β1v̂01
v̂ref2 − β2v̂02

 (4.2)

Using (4.2) in (4.1) becomes asv̂01
v̂02

 =

Gvd11 Gvd12

Gvd21 Gvd22


Gv1Gm1 0

0 Gv2Gm2


v̂ref1 − β1v̂01
v̂ref2 − β2v̂02


+

Gvg1

Gvg2

[v̂in]+

Zvi11 Zvi12

Zvi21 Zvi22


î01
î02

 (4.3)

Rearranging (4.3), we get:
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1 + β1Gv1Gm1Gvd11 β2Gv2Gm2Gvd12

β1Gv1Gm1Gvd21 1 + β2Gv2Gm2Gvd22


v̂01
v̂02

 =

Gv1Gm1Gvd11 Gv2Gm2Gvd12

Gv1Gm1Gvd21 Gv2Gm2Gvd22


v̂ref1
v̂ref2


+

Gvg1

Gvg2

[v̂in]+

Zvi11 Zvi12

Zvi21 Zvi22


î01
î02

 (4.4)

By nullifying the disturbances, i.e., v̂in = î01 = î02 = 0 in (4.4) and solving the equation, we

get, the closed-loop reference-to-output asv̂01
v̂02

 =

 A
′
11

1+T
′
1

A
′
12

1+T
′
1

A
′
21

1+T
′
2

A
′
22

1+T
′
2


v̂ref1
v̂ref2

 (4.5)

where,

A
′

12 = Gv2Gm2

(
Gvd12 −

Gvd12Gvd22β2Gv2Gm2

1 +Gvd22Gv2Gm2β2

)
A
′

21 = Gv1Gm1

(
Gvd21 −

Gvd21Gvd11β1Gv1Gm1

1 +Gvd11Gv1Gm1β1

) (4.6)

A
′

11 = Gv1Gm1

(
Gvd11 −

Gvd21Gvd12β2Gv2Gm2

1 +Gvd22Gv2Gm2β2

)
A
′

22 = Gv2Gm2

(
Gvd22 −

Gvd21Gvd12β1Gv1Gm1

1 +Gvd11Gv1Gm1β1

) (4.7)

T
′

1 = β1Gv1Gm1

(
Gvd11 −

Gvd21Gvd12β2Gv2Gm2

1 +Gvd22Gv2Gm2β2

)
T
′

2 = β2Gv2Gm2

(
Gvd22 −

Gvd12Gvd21β1Gv1Gm1

1 +Gvd11Gv1Gm1β1

) (4.8)

T
′
1 and T

′
2 are the outer loop gain transfer functions.

It is observed from (4.5) that there exist cross-coupling between the two voltage mode

controls. Moreover, it is found from (4.8) that the outer loop gain transfer functions T
′
1, T

′
2

depends on both controller Gv1, Gv2. Thus, the design of controller is not independent.

4.3.1 Approximate Decoupling

It is observed from (4.5) that, if A
′
12 ≈ 0 and A

′
21 ≈ 0 then the voltage mode control becomes

decoupled. From (4.6), we observe that if the compensator’s Gv1 and Gv2 are designed such
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that,

|Gvd11Gv1Gm1β1| >> 1 and |Gvd22Gv2Gm2β2| >> 1 (4.9)

then the closed-loop reference-to-output relationship of (4.5) becomesv̂01
v̂02

 =

 A11

1+T1
ε

ε A22

1+T2


v̂ref1
v̂ref2

 (4.10)

where ε→ 0 and

A11 = Gv1Gm1Gvd1 ≈ A
′

11, A22 = Gv2Gm2Gvd2 ≈ A
′

22 (4.11)

T1 = β1Gv1Gm1Gvd1 ≈ T
′

1, T2 = β2Gv2Gm2Gvd2 ≈ T
′

2 (4.12)

where, T1 and T2 are the approximated outer loop gain transfer functions, Gvd1, Gvd2 are the

approximated control-to-output voltage transfer functions. The expression of Gvd1, Gvd2 are

given by

Gvd1 = Gvd11 −
Gvd21Gvd12

Gvd22

=
Vinr

′
1

L1

(s+ 1
rc1C1

)

s2 + s(
r
′
1

L1
+

r
′′
1

C1
) +

R1r
′′
1

L1C1

Gvd2 = Gvd22 −
Gvd21Gvd12

Gvd11

=
Vinr

′
2

L2

(s+ 1
rc2C2

)

s2 + s(
r
′
2

L2
+

r
′′
2

C2
) +

R2r
′′
2

L2C2

(4.13)

From (4.13), it is observed that approximated control-to-output voltage transfer functions Gvd1,

Gvd2 is same as that of control-to-output transfer functions of simple buck converter.

Therefore, we observe that if Gv1 and Gv2 are designed satisfying (4.9), then the two outputs

v01, v02 get decoupled, and the closed-loop reference-to-output transfer function of CI-SIDO

buck converter becomes same as simple buck converter.

4.3.2 Effect of Decoupling on Closed-loop Performance

The effect of decoupling on closed-loop performance of CI-SIDO buck converter is evaluated

by analysing closed-loop audio susceptibility and load regulations.

75

TH-2784_146102037



4. Decoupled Voltage Mode Control of CI-SIDO Buck Converter

4.3.2.1 Closed-loop Audio-susceptibility

Closed-loop audio susceptibility refers to the regulation ability to attenuate the disturbance

propagating from input voltage to output voltages. The closed-loop audio susceptibility transfer

functions can be calculated using (4.4) by making v̂ref1 = v̂ref2 = î01 = î02 = 0 and solving the

equation we get,v̂01
v̂02

 =

1 + β1Gv1Gm1Gvd11 β2Gv2Gm2Gvd12

β1Gv1Gm1Gvd21 1 + β2Gv2Gm2Gvd22


−1 Gvg1

Gvg2

[v̂in] (4.14)

solving we get,

G
′

vg1−cl =
v̂01
v̂in

∣∣∣∣
CL

=
Gvg1 − Gvg2Gvd12β2Gv2Gm2

1+Gvd22Gv2Gm2β2

1 + T
′
1

G
′

vg2−cl =
v̂02
v̂in

∣∣∣∣
CL

=
Gvg2 − Gvg1Gvd21β1Gv1Gm1

1+Gvd11Gv1Gm1β1

1 + T
′
2

(4.15)

Applying approximation of (4.9) in (4.15), we get

G
′

vg1−cl ≈
Gvg1 − Gvd12Gvg2

Gvd22

1 + T1
=

Gv1

1 + T1
≡ Gvg1−cl

G
′

vg2−cl ≈
Gvg2 − Gvd21Gvg1

Gvd11

1 + T2
=

Gv2

1 + T2
≡ Gvg2−cl

(4.16)

Where, Gv1, Gv2 are the approximated audio-susceptibility transfer functions and are given by

Gv1 =
D1r

′
1

L1

(s+ 1
rc1C1

)

s2 + s(
r
′
1

L1
+

r
′′
1

C1
) +

R1r
′′
1

L1C1

, Gv2 =
D2r

′
2

L2

(s+ 1
rc2C2

)

s2 + s(
r
′
2

L2
+

r
′′
2

C2
) +

R2r
′′
2

L2C2

(4.17)

From (4.16), it is observed that if (4.9) is satisfied than the closed-loop audio susceptibility

of CI-SIDO buck converter get simplified and becomes same as that of simple buck converter.

Further, it can be observed that the loop gain contributes to the closed-loop audio susceptibility.

Larger the loop gains T1, T2 better is the audio susceptibility.

4.3.2.2 Closed-loop Load Regulation

Closed-loop load regulation is of two types - self-regulation and cross-regulation. Closed-

loop self-regulation refers to the ability to attenuate disturbances propagating from the one
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load current to the corresponding self output voltage. Closed-loop cross-regulation refers to the

regulation ability to attenuate disturbances propagating from the one load current to the cross

output voltage.

The closed-loop load regulation transfer functions can be calculated using (4.4) by making

v̂ref1 = v̂ref2 = v̂in = 0 and solving the equation we get,

v̂01
v̂02

 =

1 + β1Gv1Gm1Gvd11 β2Gv2Gm2Gvd12

β1Gv1Gm1Gvd21 1 + β2Gv2Gm2Gvd22


−1 Zvi11 Zvi12

Zvi21 Zvi22


î01
î02

 (4.18)

solving we get,

Closed-loop self-regulation transfer functions:

Z
′

vi11−cl =
v̂01

î01

∣∣∣∣
CL

=
Zvi11 − Zvi21Gvd12β2Gv2Gm2

1+Gvd22Gv2Gm2β2

1 + T
′
1

Z
′

vi22−cl =
v̂02

î02

∣∣∣∣
CL

=
Zvi22 − Zvi12Gvd21β1Gv1Gm1

1+Gvd11Gv1Gm1β1

1 + T
′
2

(4.19)

Closed-loop cross-regulation transfer functions:

Z
′

vi12−cl =
v̂01

î02

∣∣∣∣
CL

=
Zvi12 − Zvi22Gvd12β2Gv2Gm2

1+Gvd22Gv2Gm2β2

1 + T
′
1

Z
′

vi21−cl =
v̂02

î01

∣∣∣∣
CL

=
Zvi21 − Zvi11Gvd21β1Gv1Gm1

1+Gvd11Gv1Gm1β1

1 + T
′
2

(4.20)

Applying approximation of (4.9) in (4.19), we get the approximated closed loop self-regulation

transfer functions as

Z
′

vi11−cl ≈
Zvi11 − Zvi21Gvd12

Gvd22

1 + T1
=

Zvi1
1 + T1

≡ Zvi11−cl

Z
′

vi22−cl ≈
Zvi22 − Zvi12Gvd21

Gvd11

1 + T2
=

Zvi2
1 + T2

≡ Zvi22−cl

(4.21)

where, Zvi1, Zvi2 are the approximated self-regulation trnasfer functions and are given by

Zvi1 = −
r
′
1s(s+ 1

rc1C1
)

s2 + s(
r
′
1

L1
+

r
′′
1

C1
) +

R1r
′′
1

L1C1

, Zvi2 = −
r
′
2s(s+ 1

rc2C2
)

s2 + s(
r
′
2

L2
+

r
′′
2

C2
) +

R2r
′′
2

L2C2

(4.22)

Applying approximation of (4.9) in (4.20), we get the approximated closed loop cross-regulation
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transfer functions as

Z
′

vi12−cl ≈
Zvi12 − Zvi22Gvd12

Gvd22

1 + T1
=

M
L2
Zvi2

1 + T1
≡ Zvi12−cl

Z
′

vi21−cl ≈
Zvi21 − Zvi11Gvd21

Gvd11

1 + T2
=

M
L1
Zvi1

1 + T2
≡ Zvi21−cl

(4.23)

Following observations are drawn from equations (4.21)-(4.23):

• The self-regulations and cross-regulations can be improved by making the loop gains T1,

T2 large.

• The closed-loop self-regulations are simplified and become same as simple buck converter.

• It is observed that cross-regulation is due to mutual inductance. Larger the mutual

inductance larger is the cross-regulation. However, it can be reduced by designing the

compensators such that T1, T2 are large.

4.4 Stability of Closed-loop System

The stability of the closed-loop system can be evaluated based on the approximated outer

loop gains Tj, j = {1, 2}. From (4.12), Tj can be expressed as

Tj(s) = Gvj(s)GmjβjGvdj(s) where, j = {1, 2} (4.24)

Type-II compensator is considered for controller Gv1, Gv2 and the circuit diagram is shown in

Figure 4.2(a). The transfer function of controller and PWM are given as

Gvj(s) =
kcj(1 + s

ωcj−z
)

s(1 + s
ωcj−p

)
, Gmj =

1

Vm
(4.25)

where, kcj = 1
r1(c1+c2)

is the compensator gain, ωcj−z = 1
c1r2

is the compensator zero, ωcj−p =

c1+c2
c1c2r2

is the compensator pole. Vm is the peak voltage of external ramp signal.

Using (4.13), (4.25) in (4.24), we get

Tj =
Vinβjkcj
Vm

(1 + s
ωesrj

)(1 + s
ωcj−z

)

s( s2

ω2
o,j

+
2ζjs

ωo,j
+ 1)(1 + s

ωcj−p
)

(4.26)
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Figure 4.2: (a) Type II compensator (b) Bode plot of Gvdj , Gvj , desire Tj

where, ωesrj = 1
rcjCj

, ωo,j =

√
Rjr
′′
j

LjCj
, ζj =

Cjr
′
j+Ljr

′′
j

2
√
LjCjRjr

′′
j

It is observed from (4.13), that the poles and zero of Gvdj lies in left-half of s-plane, i.e.,

open loop system is stable. Thus, the closed-loop stability depends on the design of Gvj. The

design of Gvj involves calculating compensator gain and finding the location of compensator

pole, zero. The compensator gain is related to crossover frequency. Higher the compensator

gain, higher will be the crossover frequency.

The goal for compensator design is to make the overall loop transfer function satisfy stability

criteria. The Nyquist stability criteria for the closed loop system is Tj(jω) = −1 and results

into

|Gvj(jω)GmjβjGvdj(jω)| = 1 (4.27)

∠Gvj(jω)GmjβjGvdj(jω) = −π (4.28)

Considering a phase margin φm at crossover frequency ωcj, (4.28) becomes as

∠Gvj(jωcj) + ∠Gvdj(jωcj) ≥ −π + φm (4.29)

Since a Type-II compensator has a phase lag between 0 to π/2, we find the crossover frequency

ωcj limit to be

−π + φm ≤ ∠Gvdj(jωcj) ≤ −π/2 + φm

−π + φm ≤ tan−1
(
ωcj
ωesrj

)
− tan−1

( 2ζjωcj

ωo,j

1− (
ωcj

ωo,j
)2

)
≤ −π + φm

(4.30)
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4. Decoupled Voltage Mode Control of CI-SIDO Buck Converter

Table 4.1: Design specification of the converter and compensator

Vin V01, V02 R1, R2 C1, C2 L1,L2 M fs Vm β1, β2
10 V 6 V, 3.3 V 6 Ω, 3.3 Ω 100 µF, 100 µF 190 µH ,180 µH 130 µH 100 kHz 5 V 1/3, 1/3
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Figure 4.3: Bode plot of loop gain T1 for three cases (a) Case A: fcj = 10 kHz, ωcj−z < ωo,j (stable)
(b) Case B: fcj = 10 kHz, ωcj−z > ωo,j (unstable) (c) Case C: fcj = 15 kHz (unstable)

Thus, to ensure stability of the closed loop system the maximum limit of choosing the crossover

frequency is determined by (4.30). Considering φm = 55◦ and using the value of circuit param-

eter given in Table 4.1 in above equation, we obtain

fcj ≤ 10.37 kHz (4.31)

Once the crossover frequency is determined next target is to determine the location of compen-

sator zero and pole to ensure the stable closed loop system. Figure 4.2(b) shows the asymptotic

bode plot of Gvdj, Gvj, desired loop Tj. From (4.26) and Figure 4.2(b), Tj therefore, contains

a pole at dc frequency, a compensator zero at ωcj−z, complex pole at ωo,j, ESR zero at ωesrj,

compensator pole at ωcj−p. The compensator zero ωcj−z should be placed < ωo,j to compensate

the phase-delay effect of complex pole. Otherwise, the phase margin of Tj either becomes low

or negative, based on the Q factor of the complex pole. The compensator pole ωcj−p should

be placed higher than ωcj so that its lagging phase does not decrease the Tj phase margin.

Therefore, it is concluded that fcj < 10.37 kHz, ωcj−z must be lower than ωo,j and ωcj−p must

be higher than ωcj to be stable.

Bode plot of T1 can be used to predict the stability phase margin of T1. The bode plot of
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Figure 4.4: Simulation results for step change in load current i01 from 1 A to 2.4 A (a) Case A:
stable (b) Case B: unstable

T1 as shown in Figure 4.3 is obtained using circuit parameter shown in Table 4.1 and designing

controller for three cases. Case A is for fc1 = 10 kHz and ωcj−z < ωo,j, Case B is for fc1 = 10

kHz and ωcj−z > ωo,j, Case C is for fc1 = 15 kHz. Case B, Case C are, as predicted, unstable,

which can be seen in Figure 4.3(b), Figure 4.3(c) that the phase plot is crossing −180◦ and

Case A is stable with good phase margin. Figure 4.4 shows the simulation results for both Case

A and Case B. It is observed that when load current i01 is step changed from 1 A to 2.4 A the

system remains stable for case A as shown in Figure 4.4(a) and becomes unstable for Case B

as shown in Figure 4.4(b).

4.5 Proposed Compensator Design Procedure

The procedure to design compensator for voltage mode control of CI-SIDO buck converter

is as follows

4.5.1 Design Considerations

Based on the analysis, the following needs to be considered while designing the controller

Gvj:
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4. Decoupled Voltage Mode Control of CI-SIDO Buck Converter

4.5.1.1 Decoupling of Output Voltages

To decouple the output voltages, Gvj needs to be designed satisfying (4.9). In other words,

the cross-coupling A
′
21 ≈ 0, if from (4.6)

|Gvd21|
|Gvd11Gm1β1| ∗ |Gv1|

≈ 0 (4.32)

Equation (4.32) is satisfied only if |Gv1| → ∞. Practically |Gv1| can not be made∞. Therefore,

considering |Gvd21|
|Gvd11Gv1Gm1β1| = γ, where γ ≈ 0, |Gv1| is given by

|Gv1| =
|Gvd21|

|Gvd11Gm1β1| ∗ γ
(4.33)

The loop gains T1 at gain crossover frequency ωc1 is

|Gvd1Gv1Gm1β1| = 1 (4.34)

Using (4.33) in (4.34) and substituting circuit parameters, ωc1 for Gv1 is found as

ωc1 =
VinMr

′
2

γL1L2

⇒ fc1 =
1

2π

VinMr
′
2

γL1L2

(4.35)

Similarly, fc1 for Gv2 is found as fc1 = 1
2π

VinMr
′
1

γL1L2
.

As γ and fcj are inversely proportional, higher the fcj, lower the cross-coupling and faster

the transient response.

4.5.1.2 Achieving Good Bandwidth and Stability Margin

The choice of gain crossover frequency and the placement of poles and zeros of the com-

pensator decides the bandwidth and stability margin. According to the analysis presented in

Section 4.4, fcj = 10 kHz, ωcj−z < ωo,j and ωcj−p > ωcj.

4.5.2 Type-II Compensator Design Procedure

The objective of designing compensator is to obtain higher fcj, consistent with stability

boundary. Also, the desire loop gain at fcj should be -20 dB with phase margin (PM) greater

than 45◦. Figure 4.2 shows the Type-II compensator and the bode plot. The design procedure
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Figure 4.5: Variation of phase margin and settling time with ωc1−z

ζ1ωo,1

is as follows:

• Step 1: Choose the gain crossover frequency ωcj: To reduce cross-coupling, fcj should be

high being consistent with stability boundary. Thus, fcj is chosen as given by (4.31).

• Step 2: Calculate the compensator gain: From (4.27), compensator gain is calculated as

|Gvj|fgc =
1

|Gvdj|fcj ∗ |Gmj| ∗ βj
(4.36)

• Step 3: Set the compensator zero wcj−z: The placement of ωcj−z affects the stability of

the system. To ensure good stability margin, ωcj−z < ωo,j. Figure 4.5 shows the plot

of phase margin and settling time as placement of ωc1−z is varied for the compensator.

It can be seen that if ωc1−z is placed close to the ωo,j phase margin and settling time

decreases. The phase margin is found to be > 50◦ in range of 0.1ωo,1 to 0.3ωo,1. Similar

concept applies for ωc2−z. Thus, ωcj−z is chosen as

ωcj−z = 0.2 ∗ ζjωo,j (4.37)

• Step 4: Set the compensator pole ωcj−p: For Type-II compensator ωcj =
√
ωcj−zωcj−p,

and

ωcj−p =
ω2
cj

ωcj−z
(4.38)

• Step 5: Calculate the circuit parameters of Gvj: Using (4.36)-(4.38), the parameters of

compensator (r1, r2, c1, c2) can be calculated.
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Figure 4.6: Bode plot of loop gain transfer function (a) T
′
1 (b) T

′
2

4.5.3 Example of Compensator Design

Based on the proposed design procedure, Type-II compensators Gv1, Gv2 are designed. The

design parameters of the converter are listed in Table 4.1. From (4.31), fcj is chosen as 10 kHz.

Using converter circuit parameters, |Gvd1|fc1 = 0.211, |Gvd2|fc2 = 0.215, ωo,1 = 7136 rad/sec,

ωo,2 = 7237 rad/sec, |Gm1| = |Gm2| = 0.2, β1 = β2 = 0.33. Using (4.36)-(4.38), ωc1−z = 1427

rad/sec, ωc1−p = 2.76 ∗ 106 rad/sec and kc1 = 102 ∗ 103. The transfer function of Gv1 is given

by

Gv1(s) = 101 ∗ 103 (1 + 7 ∗ 10−4s)

s(1 + 0.36 ∗ 10−6s)
(4.39)

Similarly, using (4.36)-(4.38), ωc2−z = 1447 rad/sec, ωc2−p = 2.72 ∗ 106 rad/sec and kc2 =

102 ∗ 103. The transfer function of Gv2 is given by

Gv2(s) = 102 ∗ 103 (1 + 6.9 ∗ 10−4s)

s(1 + 0.367 ∗ 10−6s)
(4.40)

Figure 4.6 shows the bode plots of the actual loop transfer functions T
′
1, T

′
2 and approximated

loop transfer functions T1, T2. It shows that both magnitude plots are nearly equal, but

deviations occur in phase plots around fc1, fc2 in T
′
1, T

′
2 due to the influence of both controllers.

The phase margin of T
′
1, T

′
2 are 76◦, 79◦ at 11 kHz, 12 kHz respectively, which are good enough

for regulating the output voltages.
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Figure 4.7: Bode plots of open, closed-loop self-regulation, cross-regulation and audio susceptibility
(a) Zvi11, Zvi11−cl, Z

′
vi11−cl (b) Zvi12, Zvi12−cl, Z

′
vi12−cl (c) Gvg1, Gvg1−cl, G

′
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4.6 Simulation Results and Analysis

To validate the effectiveness of the proposed control method, CI-SIDO buck converter is

simulated in MATLAB SIMULINK environment.

4.6.1 Frequency Domain Results

To verify the effectiveness of the proposed controller, the closed-loop performance is studied

in the frequency domain and is compared with the open loop performance. Figure 4.7 show

the bode plots of self-regulation, cross-regulation, and audio susceptibility, respectively, for

open loop (Zvi11, Zvi12, Gvg1), closed-loop actual (Z
′

vi11−cl, Z
′

vi12−cl, G
′

vg1−cl), and approximated

(Zvi11−cl, Zvi12−cl, Gvg1−cl) transfer functions. These figures show that the actual and approx-

imated closed-loop transfer functions are same in frequency range up to fcj, i.e., 10 kHz. In

the high-frequency range, the actual closed-loop transfer functions deviate from approximated

transfer functions and become same as that of the open loop. From Figure 4.7, it is observed

that due to the proposed controller, the magnitudes of closed-loop self-regulation Z
′

vi11−cl, cross-

regulation Z
′

vi12−cl, and audio-susceptibility G
′

vg1−cl are reduced significantly by 18 dB, 19 dB,

and 38 dB respectively as compared to open loop. Thus, with the proposed controller, the

closed-loop performance is improved.
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Figure 4.8: Simulation results of steady state iL1, iL2, v01, v02

4.6.2 Time Domain Results

4.6.2.1 Steady-state

Figure 4.8 shows the simulated waveform of inductor currents and output voltages at steady

state condition. It is observed that the output voltages V01/V02 are able to regulate to their

respective reference voltages, i.e., V01 = 6 V, V02 = 3.3 V with voltage ripple ∆v01 = 50mV ,

∆v02 = 55mV which is less than 3%.

4.6.2.2 Dynamic Performance

Load Regulation: Figure 4.9 shows the simulation results of output voltages for step

change is load current. Figure 4.9(a) shows the simulation results for step change in i01 from

0.4 A to 2.5 A keeping i02 constant at 1 A. It is observed that due the step change in i01, the

output voltages v01 and v02 experience negligible transient response which settles very quickly.

As in Figure 4.9(a), the output voltage v01 under goes undershoot (self-regulation) of 0.7 V and

v02 under goes overshoot (cross-regulation) of 0.08 V with settling time of 0.2 ms. Similarly,

Figure 4.9(b) shows the simulation results for step change in i02 from 0.4 A to 2.5 A keeping

i01 constant at 1 A. It is observed that the v01 under goes overshoot (cross-regulation) of 0.15

V and v02 under goes undershoot (self-regulation) of 0.33 V with settling time of 0.2 ms.

Cross-coupling: Figure 4.10 shows the simulation results of output voltages for step change

is reference voltage. It shows that the designed compensator regulates v01 and v02 with reduced

86

TH-2784_146102037



4.6 Simulation Results and Analysis

0

2

4

i 01
, i

02
 (

A
)

5

5.5

6

v 01
 (

V
)

0.095 0.1 0.105

3.2

3.4

t (s)

v 02
 (

V
)

I
01

=2.5 A

I
02

=1 AI
01

=0.4 A

V
02

=3.3 V

V
01

=6 V
0.7 V

0.08 V

(a)

0

2

4

i 01
, i

o2
 (

A
)

5.8

6

v 01
 (

V
)

0.095 0.1 0.105

3

3.5

t (s)

v 02
 (

V
)

I
02

=2.5 A

V
02

=6 V

I
01

=1 A I
02

=0.4 A

V
02

=3.3 V0.33 V

0.15 V

(b)

Figure 4.9: Simulated results for load regulation (a) Step change in i01 (b) Step change in i02
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Figure 4.10: Simulated results for cross-coupling (a) Step change in vref1 (b) Step change in vref2

cross-coupling. For step change in vref1=2 V to 2.5 V, v01 change from 6 V to 7.5 V and v02

experience negligible cross-coupling of 0.08 V as shown in Figure 4.10(a). Similarly, for step

change in vref2 from 1.1 V to 1.5 V, v02 change from 3.3 V to 4.5 V and v01 experience negligible

cross-coupling of 0.13 V as shown in Figure 4.10(b).

Audio-susceptibility: Figure 4.11 shows the simulation results of output voltage for step

change is input voltage vin. Initially, the converter is in steady state. At t= 0.07 s, the input

voltage vin is step change from 10 V to 14 V. It is observed that the output voltages v01 and v02

experience negligible audio-susceptibility effect and settles to steady state very quickly. The

overshoot in v01, v02 are found to be equal to 60 mV, 50 mV, respectively.
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Figure 4.11: Simulation results for audio-susceptibility (Step change in vin)
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Figure 4.12: Experimental set-up of proposed decoupled voltage mode control of CI-SIDO buck
converter

4.7 Experimental Results

The proposed decoupled voltage-mode control method is verified by developing a 24 W

experimental prototype of CI-SIDO buck converter. The parameter of the converter for exper-

imental test is same as listed in Table 4.1. Figure 4.12 shows the experimental setup of the

closed loop CI-SIDO buck converter. The experimental prototype is divided into two part i.e

power circuit and control circuit. The power circuit consist of two power MOSFETs (IRF540),

two Schottky diodes (STPS20SM60), one coupled inductor, two electrolytic capacitors and two

load resistances. For driving the two power MOSFETs, two gate drivers (HCPL-3120) are used.

The gate pulses to the drivers are provided by the control circuit. The control circuit consists

of the two voltage sensors, two Type-II compensators, and two voltage comparators (LM311).

Two Type-II compensators are implemented using op-amp LF347N and passive components.
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Figure 4.13: Experimental results of steady-state waveform (a) iL1, v01, v02 (b) iL2, v01, v02

Based on the laboratory setup, experimental results are presented to verify the proposed

method.

4.7.1 Steady-state Performance

Figure 4.13 shows the experimental waveforms of the inductor currents and output voltages

at steady state. It is observed that v01, v02 are able to track their respective reference voltages,

i.e., V01 = 6 V, V02 = 3.3 V with voltage ripples ∆v01 = 50mV and ∆v02 = 55mV , which are

less than 2%.

4.7.2 Dynamic Performance

4.7.2.1 Self and Cross-regulations

The transient response of output voltages due to load regulation is shown in Figure 4.14.

In Figure 4.14(a), when i01 is step changed from 0.35 A to 2.5 A and i02 = 1 A, v01 and v02

experience transients which settle very quickly. The self regulation of v01 is about 1.1 V, cross

regulation of v02 is 200 mV and the transient response time is 220 µs. Similarly, when i02 is

step changed from 0.4 A to 2.5 A and i01 = 1 A, the self regulation of v02 is about 400 mV,

cross regulation of output v02 is 500 mV and the transient response time is 220 µs, as shown in

Figure 4.14(b).

Figure 4.14 indicate that the proposed control method is able to suppress the load regulation

i.e., self-regulation and cross-regulation.
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Figure 4.15: Experimental results for cross-couplings. Step change in reference voltage (a) vref1 (b)
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4.7.2.2 Cross-Couplings

To verify the effectiveness of the designed compensator in decoupling the output voltage,

a test with step change in reference voltage is done and the experimental results are shown in

Figure 4.15. In Figure 4.15(a), vref1 is changed from 2 V to 2.5 V, accordingly v01 changes from

6 V to 7.5 V and v02 experiences negligible cross-coupling effect. Similarly, in Figure 4.15(b),

vref2 is changed from 1.1 V to 1.5 V, accordingly v02 changes from 3.3 V to 4.5 V and v01

experiences negligible cross-coupling effect.
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Figure 4.16: Experimental results for audio-susceptibility. Step change in vin

From Figure 4.15, it is observed that the designed compensator is able to regulate v01 and

v02 with negligible cross-coupling. Therefore, the proposed control method is successful in

suppressing the cross-coupling effect and approximately decoupling the two output voltages.

4.7.2.3 Audio-susceptibility

Figure 4.16 shows the experimental results for step change in input voltage. The figure

shows that for a step change in vin from 10 V to 14 V, the output voltages stay regulated

at their reference voltages with negligible audio susceptibility and settle to steady state very

quickly. Therefore, audio-susceptibility is satisfactory.

4.7.3 Performance Comparison

The performance of CI-SIDO converter is compared using the several performance indices

which includes self-regulation index (SRI), cross-regulation index (CRI), cross-coupling index

(CCI) and audio-susceptibility index (ASI). The several indices are defined as follows:

SRI1 =
∆V01/V01
∆I01/I01

, SRI2 =
∆V02/V02
∆I02/I02

CRI1 =
∆V01/V01
∆I02/I02

, CRI2 =
∆V02/V02
∆I01/I01

ASI1 =
∆V01/V01
∆Vin/Vin

, ASI2 =
∆V02/V02
∆Vin/Vin

CCI1 =
∆V01/V01

∆Vref2/Vref2
, CCI2 =

∆V02/V02
∆Vref1/Vref1

(4.41)
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Table 4.2: Comparison with existing SIDO converter implementation

References [34] [35] This Chapter
Topology SI-SIDO buck SI-SIDO buck CI-SIDO buck
Control Cross-derivative Multi-variable Decoupled
method state feedback control voltage mode

control control
Process Discrete FPGA Discrete

component component
Input 4.8 V 5 V 10 V
voltage
Output 3.3 V, 1.2 V 1 V, 1.5 V 6 V, 3.3 V
voltage
Load 0.1 A, 0.1 A 0.5 A, 0.5 A 2.5 A, 2.5 A
current
Output 0.45 W 1.25 W 24 W
power
fs 100 kHz 500 kHz 100 kHz
Transient * * 220 µs
response
SRI1 0.033 0.025 0.03
SRI2 0.03 0.033 0.023
CRI1 0.015 0.02 0.016
CRI2 0.013 0.01 0.01
CCI1 * * 0.059
CCI2 * * 0.096
ASI1 * * 0.025
ASI2 * * 0.037

* value not reported in the literature

where, ∆V01, ∆V02 are the variation in v01, v02, ∆I01, ∆I02 are the variation in i01, i02, ∆Vref1,

∆Vref2 are the variation in vref1, vref2, ∆Vin is the variation in vin. V01, V02, Vref1, Vref2, Vin,

I01, I02 are the rated output voltages, reference voltages, input voltage and load currents.

As per the Figure 4.14-4.16, the performance indices of decoupled voltage mode controlled

CI-SIDO buck converter are calculated as

SRI1 =
1.1/6

2.15/0.35
= 0.03, SRI2 =

0.4/3.3

2.1/0.4
= 0.023 (Experimental)

CRI1 =
0.5/6

2.1/0.4
= 0.016, CRI2 =

0.2/3.3

2.15/0.35
= 0.01 (Experimental)

CCI1 =
0.13/6

0.4/1.1
= 0.059, CCI2 =

0.08/3.3

0.5/2
= 0.096 (Simulation)

ASI1 =
0.06/6

4/10
= 0.025, CCI2 =

0.05/3.3

4/10
= 0.037 (Simulation)

(4.42)
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Table 4.2 shows the performance comparison of CI-SIDO buck converter with the existing

works [34], [35] available in the literature for SI-SIDO buck converter. It is observed from

Table 4.2 that SRI achieved by the proposed method is almost same as that in [34], [35]. CRI

is improved as compared to that in [35]. Moreover, the ASI and CCI of the proposed decoupled

control for CI-SIDO buck converter are 0.037 and 0.096 respectively. In this work we have used

simple and inexpensive analog controller (Type-II compensator) for CI-SIDO buck converter.

Still it shows similar dynamic performance as [35] which uses expensive FPGA based digital

controller. Therefore, the proposed decoupled control is able to regulate the output voltages

independently with good dynamic performance.

4.8 Conclusion

In this chapter, a decoupling method for CI-SIDO buck converter under voltage mode control

is proposed. Cross-coupling and cross-regulation are the problems found in CI-SIDO converters

due to the presence of the coupled inductor. The detailed analysis performed shows that the

two outputs can be decoupled by designing the compensator with high gain or high crossover

frequency.

The effect of decoupling is investigated on the transfer functions of load-regulations and

audio-susceptibility. It shows that the 4th order transfer functions of audio-susceptibility and

self-regulation of CI-SIDO buck get reduced to that of the 2nd order transfer functions of a

simple buck converter. The cross-regulation transfer function also gets simplified. All the three

self and cross-regulations, and audio-susceptibility can be reduced by designing the compensator

with high gain. However, with high gain or crossover frequency the system stability is affected.

Thus, stability boundary of crossover frequency is derived. Good stability margin for the

closed-loop system requires the compensator zero and pole to be placed less than complex pole

frequency and greater than crossover frequency, respectively.

Based on these conditions, the design procedure for the decoupled voltage mode control

is developed using simple analog Type-II compensator. Steady-state operation and dynamic

performance of the CI-SIDO buck converter are studied. The simulation and experimental
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results using hardware prototype show that the proposed method satisfactorily regulates and

approximately decouples the output voltages, and reduces self and cross-regulations, and audio-

susceptibility.

Note: Major part of this chapter is reproduced from my publications:

1. G. Nayak, S. Nath, Decoupled Voltage Mode Control of Coupled Inductor Single

input dual Output Buck Converter, in IEEE Transactions on Industry Applications,

vol. 56, no. 4, pp. 4040-4050, July-Aug. 2020, doi: 10.1109/TIA.2020.2991650.

2. G. Nayak and S. Nath, ”Voltage Mode Control of Magnetically Coupled SIDO

Buck Converter,” 2018 IEEE International Conference on Power Electronics, Drives

and Energy Systems (PEDES), Chennai, India, 2018, pp. 1-6,

doi: 10.1109/PEDES.2018.8707607.
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5. Decoupled Average Current Control of CI-SIDO Buck Converter

5.1 Introduction

Chapter 4 has introduced a decoupled voltage-mode control for CI-SIDO buck converter to

regulate the output voltages, reduce cross-regulation, and cross-coupling with good dynamic

performance. However, voltage mode control exhibits slow response and limited bandwidth

which results in poor dynamic performance. The slow response is because the change in load

current or input voltage is first sensed as output change and then corrected by a feedback loop.

The limited bandwidth is due to the presence of double pole in the duty cycle-to-output transfer

functions. Therefore, a practical solution to reduce the cross-coupling and cross-regulation

problem in CI-SIDO converters is to improve the converter’s transient response. The transient

response is improved with the use of current control technique.

Current control is a control scheme that uses both the output voltage and inductor current

for closed-loop control. The most popular current controls are average current control (ACC)

and peak current mode (PCM) control. In current control, the output is indirectly controlled by

directly controlling the inductor current and thus improves the transient response. The other

advantages of current control are over-load protection, noise immunity, and current limiting.

However, the analysis and design of current control for CI-SIDO converter is challenging due

to cross-coupling problem.

This chapter aims to provide a detailed design insight into average current control when

applied to CI-SIDO buck converter. This chapter proposes a controller design procedure based

on decoupling and stability criteria found during analysis for CI-SIDO buck converter.

5.2 Circuit Operation of CI-SIDO Buck Converter with

Average Current Control

Figure 5.1(a) illustrates the architecture of a CI-SIDO buck converter with average current

control (ACC). There are two control loops for each output voltage: inner current loop and

outer voltage loop. The inner current loops is formed using two sensing resistances (rs1, rs2),

two current controllers Gc1, Gc2, and two PWM gains Gm1, Gm2. The outer voltage loops are
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Figure 5.1: Circuit diagram and desired waveform of CI-SIDO buck with ACC

formed using two feedback gains β1, β2 and two voltage controllers Gv1, Gv2.

The outer voltage loops regulate the output voltages v01, v02 by generating the reference

inductor currents for inner current loops. The inner current loops tune the inductor currents

to its reference currents by adjusting the duty ratios of the switches.

The control waveform is shown in Figure 5.1(b). Here, it is considered V01 > V02, so

D1 > D2. The duty ratios of the switches are generated by comparing the output signal of

current controller vd1, vd2 with the ramp signal vramp.

5.3 Proposed Decoupled Average Current Control of CI-

SIDO Buck Converter

The small-signal model of CI-SIDO buck converter is developed in Chapter 2. Using the

small-signal model of CI-SIDO buck, the block diagram model of closed-loop average current

controlled CI-SIDO buck converter is shown in Figure 5.2.
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Figure 5.2: Block diagram representation for ACC of CI-SIDO buck converter

5.3.1 Analysis of Inner Current Loops

From Figure 5.2, the inductor currents can be written in matrix form asîL1
îL2

 =

Gid11 Gid12

Gid21 Gid22


d̂1
d̂2

+

Gig1

Gig2

[v̂in]+

Hii11 Hii12

Hii21 Hii22


î01
î02

 (5.1)

From Figure 5.2, the duty cycles generated from inner current control can be written as:d̂1
d̂2

 =

Gc1Gm1 0

0 Gc2Gm2


v̂cn1
v̂cn2

−
rs1Gc1Gm1 0

0 rs2Gc2Gm2


îL1
îL2

 (5.2)

The inner closed-loop reference control voltage to inductor currents can be obtained using (5.2)

in (5.1), making disturbance input zero, i.e., v̂in = î01 = î02 = 0 and is written asîL1
îL2

 =

 A
′
11

1+T
′
i1

A
′
12

1+T
′
i1

A
′
21

1+T
′
i2

A
′
22

1+T
′
i2


v̂c1
v̂c2

 (5.3)

where,

A
′

11 = Gc1Gm1(Gid11 −
Gid21Gid12rs2Gc2Gm2

1 +Gid22Gc2Gm2rs2
)

A
′

22 = Gc2Gm2(Gid22 −
Gid21Gid12rs1Gc1Gm1

1 +Gid11Gc1Gm1rs1
)

(5.4)
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A
′

12 = Gc2Gm2(Gid12 −
Gid12Gid22rs2Gc2Gm2

1 +Gid22Gc2Gm2rs2
)

A
′

21 = Gc1Gm1(Gid21 −
Gid21Gid11rs1Gc1Gm1

1 +Gid11Gc1Gm1rs1
)

(5.5)

T
′

i1 = rs1Gc1Gm1(Gid11 −
Gid21Gid12rs2Gc2Gm2

1 +Gid22Gc2Gm2rs2
)

T
′

i2 = rs2Gc2Gm2(Gid22 −
Gid12Gid21rs1Gc1Gm1

1 +Gid11Gc1Gm1rs1
)

(5.6)

T
′
i1 and T

′
i2 are the inner current loop gains.

It is observed from (5.3) that there exist cross-coupling between the two inner current loops.

Moreover, it is found from (5.6) that the inner current loop gain transfer functions T
′
i1, T

′
i2

depends on both current controllers Gc1, Gc2. Thus, the design of Gc1, Gc2 is not independent.

5.3.1.1 Approximate Decoupling of Inner Current Loops

From (5.3), it is found that, if A
′
12 ≈ 0, A

′
21 ≈ 0 then the inner current loops are decoupled.

From (5.5), it is found that if Gc1 and Gc2 are designed such that,

|Gid11Gc1Gm1rs1| >> 1 and |Gid22Gc2Gm2rs2| >> 1 (5.7)

then the inner closed-loop reference control voltage to inductor currents relationship of (5.3)

becomes as îL1
îL2

 =

 A11

1+Ti1
ε

ε A22

1+Ti2


v̂c1
v̂c2

 (5.8)

where ε→ 0 and

A11 = Gc1Gm1Gid1 ≈ A
′

11 ; A22 = Gc2Gm2Gid2 ≈ A
′

22 (5.9)

Ti1 = rs1Gc1Gm1Gid1 ≈ T
′

i1 ; Ti2 = rs2Gc2Gm2Gid2 ≈ T
′

i2 (5.10)

where, Ti1, Ti2 are the approximated current loop gain transfer functions, Gid1, Gid2 are the

approximated duty cycle-to-inductor current transfer functions. The expression of Gid1, Gid2
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are given by

Gid1 = Gid11 −
Gid21Gid12

Gid22

=
Vin
L1

(s+
r
′′
1

C1
)

s2 + s(
r
′
1

L1
+

r
′′
1

C1
) +

R1r
′′
1

L1C1

Gid2 = Gid22 −
Gid21Gid12

Gid11

=
Vin
L2

(s+
r
′′
2

C2
)

s2 + s(
r
′
2

L2
+

r
′′
2

C2
) +

R2r
′′
2

L2C2

(5.11)

From (5.11), it is observed that approximated duty cycle-to-inductor current transfer functions

Gid1, Gid2 is same as that of duty cycle-to-inductor current transfer functions of simple buck.

Therefore, if Gc1 and Gc2 are designed satisfying (5.7), then the inner closed-loop reference

control input to inductor current transfer functions of CI-SIDO buck becomes same as that of

simple buck converter, in addition to the two inductor current iL1, iL2 getting decoupled.

5.3.1.2 Inner Closed-loop Transfer Functions

The inner closed-loop relation between duty cycles with control input and disturbance input

can be obtained using (5.1) in (5.2) and is given byd̂1
d̂2

 =

Gc1Gm1 0

0 Gc2Gm2


v̂cn1
v̂cn2

−
Gc1Gm1rs1 0

0 Gc2Gm2rs2



Gid11 Gid12

Gid21 Gid22


d̂1
d̂2


+

Gig1

Gig2

[v̂in]+

Hii11 Hii12

Hii21 Hii22


î01
î02



(5.12)

Rearranging (5.12), we getd̂1
d̂2

 =

1 + rs1Gc1Gm1Gid11 rs1Gc1Gm1Gid12

rs2Gc2Gm2Gid21 1 + rs2Gc2Gm2Gid22


−1

Gc1Gm1 0

0 Gc2Gm2


v̂cn1
v̂cn2


−

rs1Gc1Gm1Gig1

rs2Gc2Gm2Gig2

[v̂in]−
rs1Gc1Gm1Hii11 rs1Gc1Gm1Hii12

rs2Gc2Gm2Hii21 rs2Gc2Gm2Hii22


î01
î02




(5.13)
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5.3.2 Effect of Decoupling on Outer Voltage Loops

The reference control voltages vcn1, vcn2 to inner loops are given by outer voltage loops and

is written asv̂cn1
v̂cn2

 =

Gv1 0

0 Gv2


vref1 − β1v01
vref2 − β2v02

 =

Gv1 0

0 Gv2


vref1
vref2

−
β1Gv1 0

0 β2Gv2


v01
v02


(5.14)

Using (5.14) in 5.13, we getd̂1
d̂2

 =

1 + rs1Gc1Gm1Gid11 rs1Gc1Gm1Gid12

rs2Gc2Gm2Gid21 1 + rs2Gc2Gm2Gid22


−1

Gc1Gm1Gv1 0

0 Gc2Gm2Gv2


v̂ref1
v̂ref2


−

β1Gv1Gc1Gm1 0

0 β2Gv2Gc2Gm2


v01
v02

−
rs1Gc1Gm1Gig1

rs2Gc2Gm2Gig2

[v̂in]

−

rs1Gc1Gm1Hii11 rs1Gc1Gm1Hii12

rs2Gc2Gm2Hii21 rs2Gc2Gm2Hii22


î01
î02


 (5.15)

The output voltage is expressed asv̂01
v̂02

 =

Gvd11 Gvd12

Gvd21 Gvd22


d̂1
d̂2

+

Gvg1

Gvg2

[v̂in]+

Zvi11 Zvi12

Zvi21 Zvi22


î01
î02

 (5.16)

Using (5.15) in (5.16), and solving we obtain1 + β1Gv1Gc1Gm1X11 β2Gv2Gc2Gm2X12

β1Gv1Gc1Gm1X21 1 + β2Gv2Gc2Gm2X22


v̂01
v̂02

 =

Gc1Gm1Gv1X11 Gc2Gm2Gv2X12

Gc1Gm1Gv1X21 Gc2Gm2Gv2X22


v̂ref1
v̂ref2



+

Gvg1

Gvg2

[v̂in]+

Zvi11 Zvi12

Zvi21 Zvi22


î01
î02

−
X11 X12

X21 X22



Gig1rs1Gc1Gm1

Gig2rs2Gc2Gm2

[v̂in]

+

Hii11rs1Gc1Gm1 Hii12rs1Gc1Gm1

Hii21rs2Gc2Gm2 Hii22rs2Gc2Gm2


î01
î02




(5.17)
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X11 =
1

1 + T
′
i1

(Gvd11 −
Gvd12Gid21Gc2Gm2rs2
1 +Gid22Gc2Gm2rs2

)

X22 =
1

1 + T
′
i2

(Gvd22 −
Gvd21Gid12Gc1Gm1rs1
1 +Gid11Gc1Gm1rs1

)

X12 =
1

1 + T
′
i2

(Gvd12 −
Gvd11Gid12Gc1Gm1rs1
1 +Gid11Gc1Gm1rs1

)

X21 =
1

1 + T
′
i1

(Gvd21 −
Gvd22Gid21Gc2Gm2rs2
1 +Gid22Gc2Gm2rs2

)

(5.18)

Using the expression of all transfer function in (5.18) and applying (5.7) , we get

X11 ≈
Gvd1

1 + Ti1
, X22 ≈

Gvd2

1 + Ti2
, X12 ≈ 0, X21 ≈ 0 (5.19)

where, Gvd1, Gvd2 are the duty-cycles to output voltage transfer functions of simple buck con-

verter and are given by

Gvdj =

Vinr
′
j

Lj
(s+ 1

rcjCj
)

s2 + s(
r
′
j

Lj
+

r
′′
j

Cj
) +

Rjr
′′
j

LjCj

where, j = {1, 2} (5.20)

5.3.2.1 Closed-loop Reference Voltage to Output Voltage Transfer Functions

The closed-loop reference voltage to output voltage transfer functions can be obtained from

(5.17) by making v̂in = î01 = î02 = 0, applying (5.19) and is given by1 + β1Gv1Gc1Gm1Gvd1

1+Ti1
0

0 1 + β2Gv2Gc2Gm2Gvd2

1+Ti2


v̂01
v̂02

 ≈
Gv1Gc1Gm1Gvd1

1+Ti1
0

0 Gv2Gc2Gm2Gvd2

1+Ti2


v̂ref1
v̂ref2


(5.21)

Solving (5.21), we obtain the approximated closed-loop reference voltage to output voltage

transfer functions as v̂o1
v̂o2

 ≈
 B11

1+T1
0

0 B22

1+T2


v̂ref1
v̂ref2

 (5.22)

where,

B11 =
Gv1Gc1Gm1Gvd1

1 + Ti1
; B22 =

Gv2Gc2Gm2Gvd2

1 + Ti2
(5.23)

T1 = β1B11 ; T2 = β2B22 (5.24)
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5.3 Proposed Decoupled Average Current Control of CI-SIDO Buck Converter

T1 and T2 are the approximated outer loop gains.

Thus, it is observed from (5.22) that once the inner loops are decoupled the output loops

get simplified and becomes the same as that of buck converter.

5.3.3 Effect of Decoupling on Closed-loop Transfer Functions

The closed-loop performance of CI-SIDO buck can be evaluated by analyzing the closed-loop

audio-susceptibility and load regulations.

5.3.3.1 Closed-loop Audio-susceptibility

The closed-loop audio-susceptibility transfer functions can be obtained from (5.17) by mak-

ing v̂ref1 = v̂ref2 = î01 = î02 = 0, applying (5.19) and is given by1 + T1 0

0 1 + T2


v̂01
v̂02

 ≈

Gvg1

Gvg2

−
 Gvd1

1+Ti1
0

0 Gvd2

1+Ti2


Gig1rs1Gc1Gm1

Gig2rs2Gc2Gm2


[v̂in] (5.25)

Solving (5.25), we get the approximated closed-loop audio susceptibility Gvg1−cl, Gvg2−cl as

Gvg1−cl =
v̂01
v̂in

∣∣∣∣
CL

≈ 1

1 + T1
(Gvg1 −

rs1Gm1Gc1Gig1Gvd1

1 + Ti1
)

Gvg2−cl =
v̂02
v̂in

∣∣∣∣
CL

≈ 1

1 + T2
(Gvg2 −

rs2Gm2Gc2Gig2Gvd2

1 + Ti2
)

(5.26)

It is to be noted that when current loop is absent (Ti1 = Ti2 = 0), the expression of Gvg1−cl,

Gvg2−cl become same as in voltage mode control (VMC). It is observed from (5.26) that inner

current loop provides addition attenuation to Gvg1, Gvg2. Thus, audio susceptibility is improved

with ACC.

5.3.3.2 Closed-loop Load Regulation

The closed-loop load regulation transfer functions can be obtained from (5.17) by making

v̂ref1 = v̂ref2 = v̂in = 0, applying (5.19) and is given by1 + T1 0

0 1 + T2


v̂01
v̂02

 ≈

Zvi11 Zvi12

Zvi21 Zvi22

−
 Gvd1

1+Ti1
0

0 Gvd2

1+Ti2


Hii11rs1Gc1Gm1 Hii12rs1Gc1Gm1

Hii21rs2Gc2Gm2 Hii22rs2Gc2Gm2



î01
î02

 (5.27)
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5. Decoupled Average Current Control of CI-SIDO Buck Converter

Solving (5.27), we get

The approximated closed-loop self-regulation as

Zvi11−cl =
v̂01

−î01

∣∣∣∣
CL

≈ 1

1 + T1
(Zvi11 +

rs1Gm1Gc1Gvd1Hii11

1 + Ti1
)

Zvi22−cl =
v̂02

−î02

∣∣∣∣
CL

≈ 1

1 + T2
(Zvi22 +

rs2Gm2Gc2Gvd2Hii22

1 + Ti2
)

(5.28)

The approximated closed-loop cross-regulation as

Zvi12−cl =
v̂01

î02

∣∣∣∣
CL

≈ 1

1 + T1
(Zvi12 −

rs1Gm1Gc1Gvd1Hii12

1 + Ti1
)

Zvi21−cl =
v̂02

î01

∣∣∣∣
CL

≈ 1

1 + T2
(Zvi21 −

rs2Gm2Gc2Gvd2Hii21

1 + Ti2
)

(5.29)

When current loop is absent (Ti1 = Ti2 = 0), the expression of closed-loop self and cross

regulation reduces and becomes same as in VMC. It is seen from (5.29) that, inner loop provides

additional attenuation to Zvi12, Zvi21. Thus, cross-regulation is improved with ACC. From

(5.28), it is worth noting that inner loop provides addition gain to Zvi11−cl, Zvi22−cl. Thus,

self-regulation is inferior with ACC as compared to VMC.

5.4 Stability of Inner Current Loops

The stability of the inner current loop can be evaluated based on the approximated inner

current loop gains Ti1, Ti2. Substituting (5.11), transfer function of controller and PWM in

(5.10), we obtain

Tij =
Vinrsjkcj
VmRj

(1 + Cj(Rj + rcj)s)(1 + s
ωcj−z

)

s(
LjCj(Rj+rcj)

Rj
s2 + s(

Lj

Rj
+ Cjrcj) + 1)(1 + s

ωcj−p
)

At high frequency, Tij is approximated as

Tij ≈
Vinrsjkcj
VmLjωcj−z

1

s(1 + s
ωcj−p

)
, where, j = {1, 2} (5.30)

The phase of Tij with (5.30) never gets beyond −1800. Thus, a continuous-time control circuit

is expected to be stable. However, a switching control circuit may be unstable, i.e., exhibit

sub-harmonic oscillation when the loop gain |Tij| is high.
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5.4 Stability of Inner Current Loops

The sub-harmonic oscillation can be avoided by optimally designing |Gcj| based on slope-

criteria [77]. The slope-criteria is that up-slope of Gcj output (i.e., same as the off-time slope of

inductor currents) applied at one input of PWM is equal to ramp slope applied at other input

of PWM.

The off-time slope of iL1 when ST1 is off is mFF1 and off-time slope of iL2 when ST2 is off

is mNF2 as shown in Figure 5.1(b). The magnitude of inductor current slopes are provided in

Table 6.1 and the slopes mFF1, mNF2 are given as

mFF1 =
V01 + M

L2
V02

L
′
1

mNF2 =
V02 + M

L1
(Vin − V01)
L
′
2

The stability criteria becomes

|Gc1|rs1mFF1 = Vmfs =⇒ |Gc1|rs1
L
′
1

(V01 +
M

L2

V02) = Vmfs

|Gc2|rs2mNF2 = Vmfs =⇒ |Gc2|rs2
L
′
2

(V02 +
M

L1

(Vin − V01)) = Vmfs

(5.31)

solving (5.31) we get,

|Gc1| =
v̂d1
v̂rs1

=
VmfsL

′
1

rs1(V01 + M
L2
V02)

|Gc2| =
v̂d2
v̂rs2

=
VmfsL

′
2

rs2(V02 + M
L1

(Vin − V01))

(5.32)

The small-signal control to output gain ( v̂rs1
v̂d1

, v̂rs2
v̂d2

) of CI-SIDO buck at high frequency are given

by

v̂rs1
v̂d1

=
rs1Vin
sVmL

′
1

,
v̂rs2
v̂d2

=
rs2Vin
sVmL

′
2

(5.33)

By multiplying (5.32) with (5.33) and setting equal to 1, the gain crossover frequency of Gc1

(fci1) and Gc2 (fci2) are

fci1 =
fs

2π(D1 + M
L2
D2)

, fci2 =
fs

2π(D2 + M
L1

(1−D1))
(5.34)

To avoid the instability, the gain crossover frequency of Gc1, Gc2 have upper limits as defined

in (5.34). Substituting the circuit parameters in (5.34), we get, fci1 = 19.8 kHz, fci2 = 28.34

kHz. The correctness of stability requirement in (5.34) is validated by simulating following four
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5. Decoupled Average Current Control of CI-SIDO Buck Converter

cases with different fci1 and fci2 and the results are shown in Figure 5.3.

Case A: fci1 = 13 kHz < 19.8 kHz, fci2 = 27 kHz < 28.34 kHz

Case B: fci1 = 28 kHz > 19.8 kHz, fci2 = 27 kHz < 28.34 kHz

Case C: fci1 = 13 kHz < 19.8 kHz, fci2 = 38 kHz > 28.34 kHz

Case D: fci1 = 28 kHz > 19.8 kHz, fci2 = 38 kHz > 28.34 kHz
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Figure 5.3: Steady-state inductor current waveforms along with comparator inputs and PWM signals

Figure 5.3 shows the inductor current waveforms along with comparator inputs and PWM

signals. It is seen that stable inductor current waveforms are obtained only in case A, as
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5.5 Proposed Compensator Design Procedure

required by stability criteria of (5.34). And as predicted instability occurs in Case B, C, D.

5.5 Proposed Compensator Design Procedure

This section provides the procedure to design current and voltage compensators for ACC

of CI-SIDO buck converter.

5.5.1 Design Procedure for Inner Current Compensator

The target of designing inner current compensator Gcj is to suppress the cross-coupling

effect and avoid instability.

5.5.1.1 Design Consideration

Following design considerations are used for designing Gcj:

(i) Decoupling of inductor currents: To decouple the inductor currents, Gcj needs to be

designed satisfying (5.7). In other words, the cross-coupling A
′
21 ≈ 0, if from (5.5)

|Gid21|
|Gid11Gm1rs1Gc1|

≈ 0,
|Gid12|

|Gid22Gm2rs2Gc2|
≈ 0

The above ratio is satisfied, if |Gcj| → ∞. Practically, it is not possible. Therefore, considering

|Gid21|
|Gid11Gm1rs1Gc1| = γ, |Gid12|

|Gid22Gm2rs2Gc2| = γ where γ ≈ 0, |Gc1|, |Gc2| are given by

|Gc1| =
|Gid21|

|Gid11Gm1rs1| ∗ γ
, |Gc2| =

|Gid12|
|Gid22Gm2rs2| ∗ γ

(5.35)

The decoupled inner current loop gain Ti1, Ti2 at gain crossover frequency fci1, fci2 are given

by

|Gid1Gc1Gm1rs1| = 1 and |Gid2Gc2Gm2rs2| = 1 (5.36)

Using (5.35) in (5.36), fci1, fci2 are found to be

fci1 = fci2 =
1

2π

VinM

γL1L2

(5.37)

As γ and fci1 are inversely proportional, larger the fci1, lower will be cross-coupling and faster

will be transient response. However, larger fci1 leads to instability problem.
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Figure 5.4: Bode plots of Gidj , loop gain Tij , compensator Gcj

(ii) Stability criteria: As discussed in Section 5.4, the sub-harmonic oscillations is avoided

by choosing the inner loop gain crossover frequency less than (5.34).

5.5.1.2 Current Compensator Design Procedure

The goal of designing Gcj is to obtain highest crossover frequency fcij, consistent with

stability criteria. fcij is related to speed of the system response and cross-coupling. Higher

the fcij lesser the cross-coupling and faster the transient response. However, fcij has upper

limit based on stability criteria. Also, the desired loop gain at fcij should have -20 dB slope

with phase margin (PM) greater than 45o. Figure 5.4 shows the circuit diagram of Type-II

compensator Gcj and bode plots of Gidj, Tij, Gcj. In Figure 5.4, fzrj, foj are the zero frequency,

resonant pole frequency of Gidj given by (5.11) and fcj−z, fcj−p are the zero, pole frequency of

Gcj. The design procedure is as follows:

• Step 1: Calculate the compensator gain: The compensator gain |Gcj| is calculated using

(5.32).

• Step 2: Calculate the gain crossover frequency fcij: To reduce the cross-coupling, fcij

should be high being consistent with stability criteria. Thus, the fcij is chosen as given

in (5.34).

• Step 3: Place the compensator zero fcj−z: To achieve good PM, the compensator should

have flat gain characteristic at fcij as shown in Figure 5.4. Thus, the compensator zero
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Table 5.1: Design specification of the converter

Symbol Vin V01, V02 C1, C2 R1, R2 rc1 = rc2 β1 = β2
Value 10 V 6 V, 3.3 V 320 µF, 320 µF 6 Ω, 3.3 Ω 0.2 Ω 1/3

Symbol Vm rs1 = rs2 L1, L2 M fs
Value 5 V 0.5 190 µH ,180 µH 130 µH 100 kHz

is placed at

fcj−z =
1

2πci1ri2
=
fcij
3

(5.38)

• Step 4: Place the compensator pole fcj−p: The purpose of the compensator pole is to

eliminate the switching noise spikes. Thus, the compensator pole is placed at

fcj−p =
1

2π
(
ci1 + ci2
ci1ci2ri2

) =
fs
2

(5.39)

5.5.2 Design Procedure for Outer Voltage Compensator

With a well designed inner current compensator, outer voltage compensator is simple. The

output loop gains (T1, T2) are given in (5.24) and can be approximated as

Tj ≈
βjGvjGvdj

rsjGidj

where, j = {1, 2}. (5.40)

In ACC, the inner current loop has a fast dynamic, and outer voltage loop has a slow dynamic.

The reason is that the inductor current responds quickly to change in input and load. Therefore,

the crossover frequency of outer voltage loop (fcj) is taken 1/10th of fcij [77], [78]. For good

transient response, i.e. less overshoot and less ringing, a phase margin (PM) greater than 45o is

required. Thus, to achieve PM of 55o at fcj, the parameters of the compensator are calculated

using

|GvjGvdjβj
rsjGidj

| = 1 ; 180o + ∠(
GvjGvdjβj
rsjGidj

) = PM (5.41)

5.5.3 Example of Compensator Design

This subsection provides the design example following the design procedure as discussed in

Section 5.5. The converter parameter is shown in Table 5.1.
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Figure 5.5: Bode plot of current loop gain transfer function (a) T
′
i1 (b) T

′
i2

5.5.3.1 Design Example of Current Loops

The current compensator Gc1, Gc2 is designed as follows:

Step 1: Using circuit parameter in (5.32),

|Gc1|fci1 =
kc1
ωc1−z

= 15.16 ; |Gc2|fci2 =
kc1
ωc1−z

= 20.51 (5.42)

Step 2: Using circuit parameter in (5.34), fci1, fci2 are found to be 19.8 kHz and 28.34 kHz.

Step 3: Using (5.38), zero of compensator Gc1, Gc2 is placed at ωc1−z = 41460 rad/s, ωc2−z =

59355 rad/s respectively. From (5.42), we get kc1 = 628 ∗ 103, kc2 = 1217.48 ∗ 103.

Step 4: Using (5.39), pole of the compensator Gc1, Gc2 is placed at ωc1−p = ωc2−p = 314159

rad/s.

Thus, Gc1, Gc2 is given by

Gc1 =
628 ∗ 103(1 + 24 ∗ 10−6s)

s(1 + 3.18 ∗ 10−6s)
; Gc2 =

1217 ∗ 103(1 + 16.8 ∗ 10−6s)

s(1 + 3.18 ∗ 10−6s)
(5.43)

The bode plot of both actual (T
′
i1, T

′
i2) and approximated (Ti1, Ti2) current loop gains with

designed compensator Gc1, Gc2 are plotted in Figure 5.5. As it can be seen in the figure, the

magnitude plots of both actual and approximated current loop gains are nearly equal, and

deviation in phase plot at crossover frequency occurs in actual loop gains. This is due to the

influence of both controllers Gc1, Gc2 in T
′
i1, T

′
i2. The PM = 61◦ of T

′
i1 is achieved at 13 kHz.
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Figure 5.6: Bode plot of uncompensated and compensated voltage loop gain transfer functions (a)
Gvi1 = Gvd1

Gid1
and Tv1 (a) Gvi2 = Gvd2

Gid2
and Tv2

The PM = 61◦ of T
′
i2 is achieved at 27 kHz. The low frequency gain is improved.

5.5.3.2 Design Example of Voltage Loops

The crossover frequency fc1, fc2 of voltage loop are selected as 2 kHz. From Figure 5.6, the

magnitude and phase of Gvi1 = Gvd1

Gid1
, Gvi2 = Gvd2

Gid2
is found as |Gvi1|fc1 = −11 dB, |Gvi2|fc2 =

−11.2 dB and ∠Giv1|fc1 = 56.6o, ∠Giv2|fc2 = 54.7o. Using the above value in (5.41) and solving

we get,

Gv1 =
45.4 ∗ 103(1 + 117 ∗ 10−6s)

s(1 + 54 ∗ 10−6s)
; Gv2 =

47.8 ∗ 103(1 + 113 ∗ 10−6s)

s(1 + 56 ∗ 10−6s)
(5.44)

The required PM = 55o is achieved with the designed Gv1, Gv2 and is observed from the bode

plots shown in Figure 5.6.

5.6 Simulation Results and Analysis

To validate the effectiveness of the proposed control method, CI-SIDO buck converter with

average current control is simulated in MATLAB SIMULINK environment. The converter

parameter used in simulation are given in Table 5.1.
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Figure 5.7: Comparison of audio-susceptibility, cross-regulation and self-regulation with ACC and
VMC (a) Gvg1 (b) Zvi12 (c) Zvi11

5.6.1 Frequency Domain Analysis

The closed-loop performance of the proposed decoupled average current control is studied

using the bode plots of cross-regulation Zvi12−cl, audio-susceptibility Gvg1−cl, self-regulation

Zvi11−cl. Figure 5.7 shows the bode plots of closed-loop audio susceptibility, cross-regulation

and self-regulation for both average current control (ACC) and voltage mode control (VMC)

together with open loop transfer functions. It can be observed that audio-susceptibility and

cross-regulation is improved with ACC which shows low magnitude in low frequency region.

Moreover, the self-regulation with ACC is worse compared to VMC. The reason is that the
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Figure 5.8: Simulation results of steady-state iL1, iL2, v01, v02

inner current loop provides additional gain in the closed-loop self-regulation transfer function

as illustrated in (5.28).

5.6.2 Time Domain Analysis

5.6.2.1 Steady-state Performance

Figure 5.8 shows the simulation results for steady-state inductor currents and output volt-

ages. It is observed that the proposed decoupled ACC method is able to regulate v01 and v02

at 6 V and 3.3 V with voltage ripple ∆v01 = 40 mV, ∆v02 = 39 mV which is less than 3%.

5.6.2.2 Dynamic Performance

Load regulation: Figure 5.9 shows the simulation results for step change in load current.

Figure 5.9(a) shows the simulation results for step change in i01 from 1 A to 2 A keeping i02

constant at 1 A. It is observed that due the step change in i01, the output voltage v01 under goes

undershoot (self-regulation) of 0.2 V with settling time 0.4 ms and v02 under goes overshoot

(cross-regulation) of 0.005 V with settling time of 0.08 ms. Similarly, Figure 5.9(b) shows the

simulation results for step change in i02 from 1 A to 2 A keeping i01 constant at 1 A. It is

observed that the v01 under goes overshoot (cross-regulation) of 0.03 V with settling time 0.08

ms and v02 under goes undershoot (self-regulation) of 0.18 V with settling time of 0.4 ms.
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Figure 5.10: Simulated results for cross-coupling (a) Step change in vref1 (b) Step change in vref2

Cross-coupling: Figure 5.10 shows the simulation results for step change is reference voltage.

Figure 5.10(a) shows the simulation results for step change in vref1 from 2 V to 2.2 V. It is

observed that when vref1 changes from 2 V to 2.2 V correspondingly v01 changes from 6 V to

6.6 V with negligible cross-coupling effect in v02 of about 0.04 V with transient time 0.35 ms.

Similarly, for step change in vref2 from 1.1 V to 1.3 V, v02 change from 3.3 V to 3.9 V and v01

experience negligible cross-coupling of 0.05 V with transient time 0.15 ms.

114

TH-2784_146102037



5.7 Experimental Results

10

15

v in
 (

V
)

5.9

6
v 01

 (
V

)

0.049 0.0495 0.05 0.0505
3.2

3.3

3.4

v 02
 (

V
)

t (s)

V
in

=10 V

0.04 V

0.04 V

V
01

=6 V

V
in

=14 V

Audio−susceptibility

V
02

=3.3 V

Figure 5.11: Simulation results for audio-susceptibility (Step change in vin)

V01=6 V

V02=3.3 V

V01=6 V

V02=3.3 V

IL1=1 A
IL2=1 A

01v
01v

02v
02v

1Li2Li

Figure 5.12: Experimental results of steady-state waveform of iL1, iL2, v01, v02

Audio-susceptibility: Figure 5.11 shows the simulation results of output voltage for step

change is input voltage vin. It is observed that for step change in the input voltage vin from 10

V to 14 V, the output voltages v01 and v02 experience negligible audio-susceptibility of about

0.04 V with settling time 0.2 ms.

5.7 Experimental Results

The proposed decoupled average current control method is verified by developing a ex-

perimental prototype of CI-SIDO buck converter. The parameter of the converter used for

experimental test is same as listed in Table 5.1.

5.7.1 Steady-state Performance

Figure 5.12 gives the experimental steady-state waveform of output voltages (v01, v02) and

inductor currents (iL1, iL2). The v01, v02 are regulated at 6 V and 3.3 V respectively.
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Figure 5.13: Experimental results for step change in load current (a) i01 (b) i02

5.7.2 Dynamic Performance

5.7.2.1 Load Regulation

The experimental waveforms for the step load response are presented in Figure 5.13. The

results are presented for 100 % load increment. The transient response time of v01 is 0.2 ms,

when i01 is changed from 1 A to 2 A with i02 = 1 A; v01 undergoes an undershoot (self-

regulation) of about 0.2 V, and v02 experience overshoot (cross-regulation) of about 0.02 V

(shown in Figure 5.13(a)).

Similarly, the transient response time of v02 is 0.2 ms, when i02 is changed from 1 A to

2 A with i01 = 1 A; v02 undergoes self-regulation of about 0.12 V, and v01 experiences cross-

regulation of about 0.05 V (shown in Figure 5.13(b)).

5.7.2.2 Cross-coupling

The experimental results for step change in reference voltage are shown in Figure 5.14.

It can be seen in Figure 5.14(a) that when vref1 is changed from 2 V to 2.2 V, v01 changes

accordingly from 6 V to 6.6 V, and v02 experiences negligible cross-coupling. Similarly, it can

be observed in Figure 5.14(b) that, when vref2 is changed from 1.1 V to 1.3 V, v02 changes

accordingly from 3.3 V to 3.9 V, and v01 experiences negligible cross-coupling. This shows that

the proposed controller is able to reduce the cross-coupling effect.
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5.7.2.3 Audio-susceptibility

The experimental result for step change in input voltage is shown in Figure 5.15. It is

observed that v01, v02 experience negligible audio-susceptibility effect, when vin is changed

from 10 V to 14 V. Thus, the proposed controller improves audio-susceptibility.

5.7.3 Performance Comparison

The closed-loop performance of the proposed decoupled ACC for CI-SIDO buck converter is

evaluated based on the performance indices discussed in chapter 4. Based on the simulation and

experimental results, the performance indices of decoupled average current controlled CI-SIDO
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Table 5.2: Comparison with existing methods of SIDO converter

References [34] [38] [46] Chapter 4 This Chapter
Topology SI-SIDO buck SI-SIDO buck SI-SIDO buck CI-SIDO buck CI-SIDO buck
Control Cross-derivativeModel PredictiveCurrent rippleDecoupled VoltageDecoupled average
method state feedback control control mode control current control
Input 4.8 V 20 V 10 V 10 V 10 V

Output 3.3 V, 1.2 V 12 V, 8 V 5 V, 3.3 V 6 V, 3.3 V 6 V, 3.3 V
Load 0.1 A, 0.1 A 1.2 A - 2.4 A 2.5 A, 1.1 A 0.5 A - 3 A 1 A - 2.5 A,

current 0.8 A - 2.0 A 0.5 A - 3 A 1 A - 2.5 A
Output power 0.45 W 39 W 16 W 28 W 24 W

fs 100 kHz 100 kHz 50 kHz 100 kHz 100 kHz
SRI1 0.033 0.014 * 0.03 0.033
SRI2 0.03 0.019 * 0.024 0.036
CRI1 0.015 0.025 0.04 0.016 0.008
CRI2 0.013 0.01 0.006 0.015 0.006
CCI1 * 0.27 * 0.059 0.046
CCI2 * * * 0.096 0.12
ASI1 * * * 0.025 0.016
ASI2 * * * 0.037 0.022

buck converter are calculated as follows

SRI1 =
∆V01/V01
∆I01/I01

=
0.2/6

1/1
= 0.033 , SRI2 =

∆V02/V02
∆I02/I02

=
0.12/3.3

1/1
= 0.036 (Experimental)

CRI1 =
∆V01/V01
∆I02/I02

=
0.05/6

1/1
= 0.008 , CRI2 =

∆V02/V02
∆I01/I01

=
0.02/3.3

1/1
= 0.006 (Experimental)

ASI1 =
∆V01/V01
∆Vin/Vin

=
0.04/6

4/10
= 0.016 , ASI2 =

∆V02/V02
∆Vin/Vin

=
0.03/3.3

4/10
= 0.0227 (Simulation)

CCI1 =
∆V01/V01

∆Vref2/Vref2
=

0.05/6

0.2/1.1
= 0.045,CCI2 =

∆V02/V02
∆Vref1/Vref1

=
0.04/3.3

0.2/2
= 0.12(Simulation)

(5.45)

The performance comparison of the proposed control method for CI-SIDO buck with other

related work existing in literature, i.e., [34], [38], [46] for SIDO buck converter is shown in Table

5.2. From Table 5.2, it is observed that the CRI value of this chapter is less than all existing

work. SRI value is almost same as that in [34], and higher than decoupled VMC. However,

CCI and ASI is less than decoupled VMC of CI-SIDO buck converter. Therefore, the proposed

decoupled average current control for CI-SIDO buck has better cross-regulation suppression,

medium self-regulation suppression and reduced cross-coupling and audio-susceptibility with

good dynamic response.
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5.8 Conclusion

5.8 Conclusion

This chapter presents a method of decoupling the cross-coupling problem in CI-SIDO buck

converter under average current control. The decoupling process allows the inner current con-

troller to be designed with high gain or high gain crossover frequency. The effect of decoupling

is investigated on closed-loop transfer functions. It shows that the outer voltage loop be-

comes the same as that of the buck converter, and the closed-loop transfer functions, i.e.,

audio-susceptibility, self-regulation and cross-regulation become simplified. However, with high

controller gain, there exists instability in the inner current loop. So, the optimal current com-

pensator gain condition to avoid instability is derived. A design procedure for the current

controller is proposed by considering both the decoupling and the stability condition.

The closed-loop performance of average current control is compared with voltage-mode con-

trol, which reveals that the proposed control has better dynamic performance. The presented

decoupling and compensator design method is validated using both simulation and experimen-

tal results. The decoupling is demonstrated experimentally with tracking of the output voltage

of one sub-converter unaffected by the change in reference voltage of the other sub-converter,

and vice versa.

Note: Major part of this chapter is reproduced from my publications:

1. G. Nayak and S. Nath, ”Decoupled Average Current Control of Coupled Induc-

tor Single-Input Dual-Output Buck Converter,” in IEEE Journal of Emerging and

Selected Topics in Industrial Electronics, vol. 1, no. 2, pp. 152-161, Oct. 2020,

doi: 10.1109/JESTIE.2020.3014833.

2. G. Nayak and S. Nath, ”Dynamic Performance of Coupled SIDO Buck Converter

Operating in Current Mode and Voltage Mode Control”, 2020 IEEE International

Conference on Power Electronics, Drives and Energy Systems (PEDES), Jaipur,

India, 2020. (Accepted)
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6. Unified Model of Peak Current Mode Controlled CI-SIDO Converters

6.1 Introduction

Chapter 5 has introduced the average current control (ACC) for CI-SIDO buck converter

to improve the dynamic performance and suppress the cross-regulation and cross-coupling.

However, the ACC suffers from switching instability when the inner current controller gain is

high. Thus, to avoid instability, the inner current loop bandwidth is limited, which results

in slow transient response and poor cross-regulation. Moreover, four controllers are needed to

implement average current control for CI-SIDO converter.

The effective way to improve the dynamic performance and reduce cross-regulation is by

introducing peak current mode control for the CI-SIDO converter. Peak current mode (PCM)

control is a promising control scheme for DC-DC converters due to its advantages such as

fast transient response, inherent current limiting, over current protection and easier controller

design [79]. While PCM control has many benefits, there is one drawback, i.e., PCM exhibits

switching instability known as a sub-harmonic oscillation (SHO), which occurs when the duty

cycle is greater than 0.5. SHO lead to reduced efficiency, increased noise, and should be avoided.

SHO is prevented by using external slope compensation. Thus, to design controller and slope

compensation for PCM controlled converter, it is essential to derive a large-signal and small-

signal model of the converter under PCM control to predict the system stability and dynamic

characteristic. Many modelling techniques have been developed in the literature to predict the

SISO dc-dc converters stability and dynamic behaviour under PCM control [79–86]. However,

no work is available in the literature that develops the large-signal and small-signal model for

PCM controlled CI-SIDO converters and predicts stability and dynamic characteristics.

This chapter aims to provide a unified large-signal and small-signal model of PCM controlled

CI-SIDO converters. The model is derived for the three CI-SIDO converter topologies, i.e., CI-

SIDO buck converter, CI-SIDO boost converter, CI-SIDO boost and buck converter. The

unified model of PCM controlled CI-SIDO converter is developed by combining the current

modulator’s unified model with the CI-SIDO converter model. The developed unified model

is validated both using simulations and experiments. Moreover, using the developed unified
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Figure 6.1: Circuit diagram of CI-SIDO converters (a) CI-SIDO buck converter (b) CI-SIDO boost
converter (c) CI-SIDO boost and buck converter

model, the instability of the PCM controlled CI-SIDO converter is predicted and verified by

simulation and experiment.

6.2 Operational Principle of Peak Current Mode Con-

trolled CI-SIDO Converters

6.2.1 Different Inductor Current Slope Patterns in CI-SIDO Con-
verter

The circuit diagram of three topologies of CI-SIDO converter is shown in Figure 6.1. The

output voltages v01, v02 are regulated by controlling the duty cycles d1, d2 of switches ST1, ST2

respectively. The two switches ST1, ST2 can operate in four different state and thus converter

has four modes of operation, i.e., Mode I (ST1, ST2 ON), Mode II (ST1 ON, ST2 OFF), Mode III

(ST1, ST2 OFF), Mode IV (ST1 OFF, ST2 ON). In CI-SIDO converters, at the given operating

points D1, D2 the converter can operate in three modes of operation. Based on the relation of

duty cycles D1, D2, the CI-SIDO converter can operate in three cases, i.e., Case A: D1 > D2,

Case B: D1 < D2, Case C: D1 = D2. In Case A, the converter operate in Mode I, Mode II,

Mode III. In Case B, the converter operate in Mode I, Mode IV, Mode III. In Case C, the

converter operate in Mode I, Mode III. The slope of inductor current iLj in Mode I, II, III, IV

are denoted as mNNj, mNFj, mFFj, mFNj respectively and are given in Table 6.1. Here j = 1

denote iL1, j = 2 denote iL2. From Table 6.1, it is observed that the slope mNNj is always

positive, slope mFFj is always negative and slopes mNFj, mFNj may become positive or negative

depending on the value of output voltages and coupled inductor parameters. Figure 6.2 shows
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Table 6.1: Inductor current slopes of CI-SIDO converters

CI-SIDO Buck converter
Inductor currents NN FF NF FN

iL1 mNN1 =
(Vin−V01)+ M

L2
(Vin−V02)

L1(1−k2) mFF1 =
(−V01)+ M

L2
(−V02)

L1(1−k2) mNF1 =
(Vin−V01)+ M

L2
(−V02)

L1(1−k2) mFN1 =
(−V01)+ M

L2
(Vin−V02)

L1(1−k2)

iL2 mNN2 =
(Vin−V02)+ M

L1
(Vin−V01)

L2(1−k2) mFF2 =
(−V02)+ M

L1
(−V01)

L2(1−k2) mNF2 =
(−V02)+ M

L1
(Vin−V01)

L2(1−k2) mFN2 =
(Vin−V02)+ M

L1
(−V01)

L2(1−k2)
CI-SIDO Boost converter

iL1 mNN1 =
Vin+

M
L2
Vin

L1(1−k2) mFF1 =
(Vin−V01)+ M

L2
(Vin−V02)

L1(1−k2) mNF1 =
Vin+

M
L2

(Vin−V02)
L1(1−k2) mFN1 =

(Vin−V01)+ M
L2
Vin

L1(1−k2)

iL2 mNN2 =
Vin+

M
L1
Vin

L2(1−k2) mFF2 =
(Vin−V02)+ M

L1
(Vin−V01)

L2(1−k2) mNF2 =
(Vin−V02)+ M

L1
Vin

L2(1−k2) mFN2 =
Vin+
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L1

(Vin−V01)
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Figure 6.2: Waveform of inductor currents of CI-SIDO converters for Case A: D1 > D2, Case B:
D2 < D2, Case C: D1 = D2

the waveforms of duty cycles and inductor currents for three cases with different possibility

of inductor current slope pattens. It is observed from Figure 6.2 that there are four possible

inductor current patterns in Case A and Case B. In Case C, there is only one possible inductor

current pattens. Therefore, in CI-SIDO converter total 9 inductor current slope patterns are

possible.

6.2.2 Peak Current Mode Control for CI-SIDO Converters

To regulate the two outputs of CI-SIDO converters, two peak current mode (PCM) control

are implemented and is shown in Figure 6.3. The PCM control circuit as shown in Figure 6.3
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Figure 6.3: Control circuit of peak current mode controlled CI-SIDO converters
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Figure 6.4: Operating waveform of PCM controlled CI-SIDO converter for Case A with different
inductor current slopes (a) mNF1 > 0, mNF2 < 0 (b) mNF1 > 0, mNF2 > 0 (c) mNF1 < 0, mNF2 > 0
(d) mNF1 < 0, mNF2 < 0

includes two control loop, i.e., control loop-I, control loop-II for controlling two switches ST1,

ST2. Each control loop consist of inner current loop and outer voltage loop. Outer voltage loops

are formed by feedback gains β1/β2 and controllers Gc1, Gc2 which are responsible to generate

the reference control signals to inner loops. Inner current loops are formed by two equal current

sensing resistances rs, clock input clk, slope compensation mc1, mc2, comparators CM-I/CM-II

and SR flip-flops SR-I/SR-II.

Figure 6.4 show the operating waveforms of PCM controlled CI-SIDO converter for Case A

with different patterns of inductor current slopes. The operation of PCM control for Case A is

described as follows: At each switching period Ts, clock clk set the SR flip-flop to output high

level. Thus, switches ST1, ST2 are turned on which causes inductor current iL1, iL2 to rise with
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slope mNN1, mNN2, respectively. When iL2 increases to reference control signal i∗cn2 ≡ v∗cn2/rs,

the output of comparator resets the SR-II to output low level. Thus, switch ST2 is turned off,

diode SD2 turns on and slope of iL2 changes to mNF2. Due to coupling of inductor currents,

the slope of iL1 also changes to mNF1. Similarly, when iL1 increases to reference control signal

i∗cn1 ≡ v∗cn2/rs, the output of comparator resets the SR-I to output low level. Thus ST1 is turned

off and SD1 is turned on which causes the slope of iL1 decrease to mFF1. Due to coupling, the

slope of iL2 also changes to mFF2.

6.3 Unified Model of Current Modulator

In the PCM controlled converter, the current modulator generates the duty cycle. The

current modulator is composed of voltage comparator and SR flip-flop. The duty cycle is

generated when the inductor current reaches the reference control signal, as shown in Figure

6.4. Therefore, in PCM control, reference control signal is the control variable and duty cycle

is indirectly controlled. Thus, the equation that relates the reference control signal, inductor

current and slope compensation at the instant the duty cycle is generated are called the current

modulator equation.

6.3.1 Challenge in Deriving Unified Current Modulator Model

In CI-SIDO converter, the inductor current slopes depend on coupled inductor parameters

(L1, L2, k), input voltage and output voltages as shown in Table 6.1. As a result, various trends

of inductor current slopes are observed, as shown in Figure 6.2. It is not practical to derive the

current modulator expression for each case, each pattern of inductor current slopes, and design

the controller.

6.3.1.1 Solution: Operation of CI-SIDO Converter in Sector 5

To overcome the challenges in deriving the current modulator expression, the coupled in-

ductor parameters are designed such that the reference control signal becomes the same as the

peak value of inductor current as shown in Figure 6.5. In this case, deriving the unified current
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Figure 6.5: Waveform of inductor currents, slope compensation and reference control signal (a) Case
A: D1 > D2 (b) Case B: D1 < D2 (c) Case C: D1 = D2 = D

modulator expression for three CI-SIDO converter topologies is easy. Therefore, to obtain the

waveform of inductor currents as shown in Figure 6.5 in the range of operating point (D1, D2),

the coupled inductor parameters (L1, L2, k) are designed such that inductor current slopes

mNF1 > 0, mNF2 < 0, mFN1 < 0, mFN2 > 0. In [87], based on the different slopes possibilities

of inductor currents, 9 sectors are formed for operation of CI-SIDO converter. As per our

requirement of inductor current slopes i.e., mNF1 > 0, mNF2 < 0, mFN1 < 0, mFN2 > 0, the

CI-SIDO converter need to be operated in sector 5 [87]. Thus, the coupled inductor is designed

such that the converter operates in sector 5.

6.3.2 Derivation of Unified Current Modulator Model

In order to develop a unified model of current modulator, the duty cycles are expressed

in terms of control signals icn1, icn2, inductor currents iL1, iL2 and effective voltages voff1,

voff2 which determines the slopes of inductor currents. The effective voltage is the sum of the

voltage across switch and diode. Since CI-SIDO converter in steady-state behaves same as a

basic single output DC-DC converter, the definition of effective voltage voff proposed in [84]

for dc-dc converters can hold good for CI-SIDO converters. Thus, the voff1, voff2 is related

directly with input voltage vin and output voltages v01, v02 as

voff1 = α1vin + ρ1v01 , voff2 = α2vin + ρ2v02 (6.1)
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where, α1, α2, ρ1, ρ2 ∈ {0, 1} and for

CI-SIDO buck: α1 = α2 = 1, ρ1 = ρ2 = 0

CI-SIDO boost: α1 = α2 = 0, ρ1 = ρ2 = 1

CI-SIDO boost and buck: α1 = 0, ρ1 = 1, α2 = 1, ρ2 = 0

Figure 6.5 shows the waveforms of inductor currents iL1, iL2 and is considered to derive the

current modulator expression in this thesis. The geometry of the waveforms shown in Figure

6.5 provides the fundamental information to obtain the current modulator model. From Figure

6.5 the relation between the reference control current and inductor currents are given by

icn1 −mc1d1Ts = iL1 + ∆iL1

icn2 −mc2d2Ts = iL2 + ∆iL2

(6.2)

where, iL1, iL2 are the inductor current averaged over switching period, ∆iL1 is the difference

between average, peak value of iL1 and similarly ∆iL2 is the difference between average, peak

value of iL2.

Since, the inductor currents averaged over switching period iL1, iL2 lies exactly at the middle

of the ripple band [88], the ∆iL1, ∆iL2 can be obtained by averaging the area covered by the

ripple band.

The expression of ∆iL1, ∆iL2 for Case A is given by

∆iL1 =
Ts
2
mNN1d

2
2 +

Ts
2
mNF1(d1 − d2)2 +mNN1d2(d1 − d2)Ts +

Ts
2
mFF1(1− d1)2

∆iL2 =
Ts
2
mNN2d

2
2 +

Ts
2
mNF2(d1 − d2)2 +mFF2(1− d1)(d1 − d2)Ts +

Ts
2
mFF2(1− d1)2

(6.3)

Using the expression of slopes given in Table 6.1 in (6.3) and simplifying, the expression of

∆iL1, ∆iL2 for three CI-SIDO converter topologies are calculated and are given as follows:

CI-SIDO buck converter

∆iL1 =
Ts

2L
′
1

(d1(1− d1)vin +
M

L2

d2(1− d2)vin)

∆iL2 =
Ts

2L
′
2

(d2(1− d2)vin +
M

L1

d1(1− d1)vin)

(6.4)
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CI-SIDO boost converter

∆iL1 =
Ts

2L
′
1

(d1(1− d1)v01 +
M

L2

d2(1− d2)v02)

∆iL2 =
Ts

2L
′
2

(d2(1− d2)v02 +
M

L1

d1(1− d1)v01)
(6.5)

CI-SIDO boost and buck converter

∆iL1 =
Ts

2L
′
1

(d1(1− d1)v01 +
M

L2

d2(1− d2)vin)

∆iL2 =
Ts

2L
′
2

(d2(1− d2)vin +
M

L1

d1(1− d1)v01)
(6.6)

The expression of ∆iL1, ∆iL2 given in (6.4), (6.5), (6.6) remains same for Case B and Case C

as shown in Figure 6.5.

The ∆iL1, ∆iL2 for three converters can be expressed in terms of effective voltage voff1,

voff2 as given in (6.1) to obtain a unified ripple expression as

∆iL1 =
Ts

2L
′
1

(d1(1− d1)voff1 +
M

L2

d2(1− d2)voff2)

∆iL2 =
Ts

2L
′
2

(d2(1− d2)voff2 +
M

L1

d1(1− d1)voff1)
(6.7)

Using (6.7) in (6.2), the unified current modulator equation of CI-SIDO converter under PCM

control can be written as

icn1 −mc1d1Ts = iL1 +
Ts

2L
′
1

(d1d
′

1voff1 +
M

L2

d2d
′

2voff2)

icn2 −mc2d2Ts = iL2 +
Ts

2L
′
2

(d2d
′

2voff2 +
M

L1

d1d
′

1voff1)

(6.8)

where, d
′
1 = 1− d1, d

′
2 = 1− d2

Equation (6.8) is a unified large signal expressions of current modulator which describes

how d1, d2 are generated. The unified small-signal expressions of current modulator is obtained

by applying perturbations and linearisation. Let

icn1 = Icn1 + îcn1 , icn2 = Icn2 + îcn2 , iL1 = IL1 + îL1 , iL2 = IL2 + îL2

d1 = D1 + d̂1 , d2 = D2 + d̂2 , vin = Vin + v̂in

(6.9)

Substitution of (6.9) in (6.8) and separating the DC part, first order ac terms and neglecting
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the non-linear terms, we obtain the unified steady-state and small-signal current modulator

expression. The steady-state expression of current modulator is given by

Icn1 − IL1 = mc1D1Ts +
Ts

2L
′
1

(D1D
′

1Voff1 +
M

L2

D2D
′

2Voff2)

Icn2 − IL2 = mc2D2Ts +
Ts

2L
′
2

(D2D
′

2Voff2 +
M

L1

D1D
′

1Voff1)

(6.10)

The small-signal expression of current modulator is given by

îcn1 − îL1 = (mc1Ts +
Voff1(1− 2D1)

2L
′
1/Ts

)d̂1 +
D1D

′
1

2L
′
1/Ts

v̂off1 +
MVoff2(1− 2D2)

2L2L
′
1/Ts

d̂2 +
MD2D

′
2

2L2L
′
1/Ts

v̂off2

îcn2 − îL2 = (mc2Ts +
Voff2(1− 2D2)

2L
′
2/Ts

)d̂2 +
D2D

′
2

2L
′
2/Ts

v̂off2
MVoff1(1− 2D1)

2L1L
′
2/Ts

d̂1 +
MD1D

′
1

2L1L
′
2/Ts

v̂off1

(6.11)

Equation (6.11) can be re-written in matrix form asd̂1
d̂2

 =

2L
′
1mc1 + Voff1(1− 2D1)

MVoff2
L2

(1− 2D2)

MVoff1
L1

(1− 2D1) 2L
′
2mc2 + Voff2(1− 2D2)


−1

×


2L

′
1

Ts
0

0
2L
′
2

Ts


îcn1 − îL1
îcn2 − îL2

−
D1D

′
1

MD2D
′
2

L2

MD1D
′
1

L1
D2D

′
2


v̂off1
v̂off2


 (6.12)

Solving (6.12) we obtain the unified small-signal model of current modulator asd̂1
d̂2

 =

 fm11 −fm12

−fm21 fm22


îcn1 − îL1
îcn2 − îL2

−
kv11 kv12

kv21 kv21


v̂off1
v̂off2

 (6.13)

Using (6.1) in (6.13), we can rewrite the unified small-signal model asd̂1
d̂2

 =

 fm11 −fm12

−fm21 fm22


îcn1 − îL1
îcn2 − îL2

−
kv11 kv12

kv21 kv21


α1vin + ρ1v01

α2vin + ρ2v02

 (6.14)

Where, fm11, fm22, fm12, fm21 are the modulator gains and kv11, kv12, kv21, kv22 are the feed-

forward gains. The expression of modulator and feedforward gains without and with slope

compensations are shown in Table 6.2.
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Table 6.2: Modulator and feedforward gains

Without Slope compensation

fm11 =
2L1/Ts

Voff1(1− 2D1)
, fm12 =

Mfm11

L1

, fm22 =
2L2/Ts

Voff2(1− 2D2)
, fm21 =

Mfm22

L2

,

kv22 =
D2(1−D2)

Voff2(1− 2D2)
, kv11 =

D1(1−D1)

Voff1(1− 2D1)
, kv12 = kv21 = 0

With Slope Compensation

fm11 =
1/Ts

mc1 +
Voff1(1− 2D1)

2L
′
1

−
k2V 2

off2(1− 2D1)(1− 2D2)

4Lk1L
′
2(mc2 +

Voff2(1− 2D2)

2L
′
2

)

, fm12 =

MVoff2(1− 2D2)

2L2L
′
1

fm11

mc2 +
Voff2(1− 2D2)

2L
′
2

fm22 =
1/Ts

mc2 +
Voff2(1− 2D2)

2L
′
2

−
k2V 2

off1(1− 2D1)(1− 2D2)

4Lk1L
′
2(mc1 +

Voff1(1− 2D1)

2L
′
1

)

, fm21 =

MVoff1(1− 2D1)

2L1Lk2
fm22

mc1 +
Voff1(1− 2D1)

2L
′
1

kv11 =
TsD1D

′
1

2L
′
1

fm11

(
1− k2Voff2(1− 2D2)

2L
′
2mc2 + Voff2(1− 2D2)

)
, kv22 =

TsD2D
′
2

2L
′
2

fm22

(
1− k2Voff1(1− 2D1)

2L
′
1mc1 + Voff1(1− 2D1)

)
kv12 =

TsMD2D
′
2

2L2L
′
1

fm11

(
1− Voff2(1− 2D2)

2L
′
2mc2 + Voff2(1− 2D2)

)
, kv21 =

TsMD1D
′
1

2L2L
′
1

fm22

(
1− Voff1(1− 2D1)

2L
′
1mc1 + Voff1(1− 2D1)

)
where,
For CI-SIDO buck converter: Voff1 = Voff2 = Vin
For CI-SIDO boost converter: Voff1 = V01, Voff2 = V02
For CI-SIDO boost and buck converter: Voff1 = V01, Voff2 = Vin

6.4 Unified Model of Peak Current Mode Controlled CI-

SIDO Converter

The small-signal model of peak current mode (PCM) controlled CI-SIDO converter is es-

sential for designing the controller and slope compensation. Moreover, using the small-signal

model the converter performance parameter like audio-susceptibility, output impedance can be

calculated. The small-signal model of PCM controlled CI-SIDO converter is formed by inter-

facing the unified small-signal model of current modulator with small-signal model of CI-SIDO

converter derived in Chapter 2. Figure 6.6 shows the unified small-signal block diagram model

for PCM controlled CI-SIDO converter with only inner loop closed.
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Figure 6.6: Unified model of peak current mode controlled CI-SIDO converters

Table 6.3: Parameters of CI-SIDO converter

CI-SIDO Buck converter
Parameter Vin R1, R2 L1, L2, M C1, C2 fs

values 10 V 5 Ω 5 Ω 112 µH, 70 µH, 40 µH 320 µF, 320 µF 100 kHz
CI-SIDO Boost converter

values 5 V 15 Ω 15 Ω 112 µH, 70 µH, 40 µH 220 µF, 320 µF 100 kHz
CI-SIDO Boost and buck converter

values 5 V 15 Ω 3 Ω 112 µH, 70 µH, 40 µH 320 µF, 320 µF 100 kHz

6.4.1 Small-signal Model of PCM Controlled CI-SIDO Buck Con-
verter

The circuit diagram of PCM controlled CI-SIDO buck converter with only inner loop is

shown in Figure 6.7(a) and its small-small model is shown in Figure 6.7(b). The state-space

model of CI-SIDO buck converter shown in Figure 6.7(b) is already derived in chapter 2 and

considering ideal condition is given by

d

dt



îL1

îL2

v̂01

v̂02


=



0 0 − 1
Lk1

− M
L2Lk1

0 0 − M
L1Lk2

− 1
Lk2

1
C1

0 − 1
C1R1

0

0 1
C2

0 − 1
C2R2





îL1

îL2

v̂01

v̂02


+



(D1+
M
L2
D2)

Lk1

(D2+
M
L1
D1)

Lk2

0

0


[
v̂in

]
+



Vin
Lk1

MVin
L2Lk1

MVin
L1Lk2

Vin
Lk2

0 0

0 0


d̂1
d̂2



(6.15)
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6.4.1.1 Simulation Verification

The developed small-signal model of PCM controlled CI-SIDO buck converter with inner

loops closed as shown in Figure 6.7 is validated using simulation results. The simulation is

performed in MATLAB SIMULINK environment. The converter parameter used in simulation

are shown in Table 6.3 and slope compensation considered are mc1 = mc2 = 27000 V/s.

Figure 6.8 shows the simulation response of linear small-signal model and non-linear circuit

model for reference control inputs icn1 = 1.4 A, icn2 = 1 A. It can be seen from Figure 6.8 that

the response of small-signal model matches with the switching circuit model almost perfectly.
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(a) (b)

(c) (d)

Figure 6.9: Experimental and small-signal response of inductor currents and output voltages for step
change in Icn1 from 0.38 A to 1.6 A keeping Icn2 = 1.2 A - PCM controlled CI-SIDO buck converter

The maximum error in the output voltage response of the small-signal model is approximately

equal to the voltage ripple.

6.4.1.2 Experimental Verification

The small-signal model is experimentally verified on a custom-build prototype of CI-SIDO

buck converter under PCM control with only inner loops closed. The converter parameter

used in experiment is same as that used in simulation. Figure 6.9 shows the experimental

and small-signal response of inductor currents and output voltages for step change in reference

control signal Icn1 from 0.38 A to 1.6 A keeping Icn2 = 1.2 A. It is observed that small-signal

model satisfactorily predicts the steady-state and transient state behaviour of the experimental

prototype. The maximum error between small-signal average model and experiment is less than

5%.
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Figure 6.10: Peak current mode controlled CI-SIDO boost converters with only inner loops closed
(a) Circuit diagram (b) Small-signal model

6.4.2 Small-signal Model of PCM Controlled CI-SIDO Boost Con-
verter

The circuit diagram of PCM controlled CI-SIDO boost converter with only inner loop is

shown in Figure 6.10(a) and its small-small model is shown in Figure 6.10(b). The state-space

model of CI-SIDO boost converter shown in Figure 6.10(b) is derived in chapter 2 and is given

by

d

dt


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(6.16)

6.4.2.1 Simulation Verification

The small-signal model of PCM controlled CI-SIDO boost converter with inner loops closed

as shown in Figure 6.10 is validated using simulation results. The converter parameters used in

simulation is shown in Table 6.3 and slope compensations considered are mc1 = mc2 = 35000

V/s. Figure 6.11 shows the simulation response for step change in icn1 from 1 A to 1.7 A keeping
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Figure 6.11: Simulation response of inductor currents, output voltages for step change in Icn1 from
1 A to 1.7 A and Icn2 = 1.2 A (circuit simulation (in blue), small-signal model simulation (in red)) -
PCM controlled CI-SIDO boost converter

icn2 = 1.2 A. When icn1 is changed from 1 A to 1.7 A keeping icn2 = 1.2 A, IL1 changes from 0.75

A to 1.35 A with IL2 = 0.85 A, V01 change from 7.5 V to 10 V with V02 = 8 V. It is observed that

the response of small-signal model matches with the switching circuit model almost perfectly.

The maximum error in the steady-state output voltage response of the small-signal model is

less than 5%.

6.4.2.2 Experimental Verification

The small-signal model is experimentally verified on a custom-build prototype of CI-SIDO

boost converter under PCM control with only inner loops closed. The converter parameter

used in experiment is same as that used in simulation. Figure 6.12 shows the experimental and

small-signal response of inductor currents and output voltages for step change in reference con-

trol signal Icn1 from 0.5 A to 2.2 A keeping Icn2 = 1.3 A. It is observed that small-signal model

satisfactorily predicts the steady-state and transient state behaviour of the experimental pro-

totype. The maximum error between steady-state small-signal average model and experiment

is less than 5%.
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Figure 6.12: Experimental and small-signal response of inductor currents and output voltages for
step change in Icn1 from 0.5 A to 2.2 A keeping Icn2 = 1.3 A - PCM controlled CI-SIDO boost
converter

6.4.3 Small-signal Model of PCM Controlled CI-SIDO Boost and
Buck Converter

The circuit diagram of PCM controlled CI-SIDO boost and buck converter with only inner

loop is shown in Figure 6.13(a) and its small-small model is shown in Figure 6.13(b). The

state-space model of CI-SIDO boost and buck converter shown in Figure 6.13(b) is derived in

chapter 2 and is given by

d
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îL2

v̂01

v̂02


+



(1+
MD2
L2

)

L
′
1

(D2+
M
L1

)

L
′
2

0

0


[
v̂in

]
+



V01
L
′
1

MVin
L2L

′
1

MV01
L1L

′
2

Vin
L
′
2

−IL1

C1
0

0 0


d̂1
d̂2



(6.17)
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Figure 6.13: Peak current mode controlled CI-SIDO boost and buck converters with only inner loops
closed (a) Circuit diagram (b) Small-signal model
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A to 1.7 A and Icn2 = 1.3 A (circuit simulation (in blue), small-signal model simulation (in red))-PCM
controlled CI-SIDO boost and buck converter

6.4.3.1 Simulation Verification

The small-signal model of PCM controlled CI-SIDO boost and buck converter with inner

loops closed as shown in Figure 6.13 is validated using simulation results. The converter

parameters used in simulation are shown in Table 6.3 and slope compensations considered are

mc1 = mc2 = 35000 V/s. Figure 6.14 shows the simulation response for step change in icn1 from

1 A to 1.7 A keeping icn2 = 1.3 A. When icn1 is changed from 1 A to 1.7 A keeping icn2 = 1.3

A, IL1 changes from 0.77 A to 1.37 A with IL2 = 0.97 A, V01 change from 7.55 V to 10.1 V with
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Figure 6.15: Experimental and small-signal response of inductor currents and output voltages for
step change in Icn2 from 0.35 A to 1.2 A keeping Icn1 = 1.5 A - PCM controlled CI-SIDO boost and
buck converter

V02 = 2.9 V. It is observed that the response of small-signal model matches with the switching

circuit model almost perfectly. The maximum error in the steady-state output voltage response

of the small-signal model is less than 3%.

6.4.3.2 Experimental Verification

The small-signal model of CI-SIDO boost and buck converter under PCM control with

only inner loops closed is experimentally verified as shown in Figure 6.15. The converter

parameter used in experiment is same as that used in simulation. Figure 6.15 shows the

experimental and small-signal response of inductor currents and output voltages for step change

in reference control signal Icn2 from 0.35 A to 1.2 A keeping Icn1 = 1.5 A. It is observed that

small-signal model satisfactorily predicts the steady-state and transient state behaviour of the
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experimental prototype. The maximum error between steady-state small-signal average model

and experiment is less than 5%.

6.5 Inner Loop Instability of PCM Controlled CI-SIDO

Converter

The inner loop of PCM controlled converter without slope compensation becomes unstable

or exhibit sub-harmonic oscillation when duty cycle is greater that 0.5. The inner loop instabil-

ity can be predicted using the developed unified small signal model of PCM controlled CI-SIDO

converter and is discussed in the following subsections for three CI-SIDO converter topologies.

6.5.1 Inner Loop Instability for PCM Control of CI-SIDO Buck
Converter

The small-signal model of current modulator without slope-compensation for CI-SIDO buck

converter is obtained from (6.11) using mc1 = mc2 = 0, Voff1 = Voff2 = Vin, v̂off1 = v̂off2 = v̂in

and is given byd̂1
d̂2

 =

 −2L1

TsVin(1−2D1)
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[v̂in] (6.18)

Using (6.18) in (6.15), we obtain the complete state-space model of PCM controlled CI-SIDO

buck converter with inner loops closed and is written as

d

dt
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where,
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(6.20)

Stability of the system depends on the eigenvalues of A, i.e., the roots of the characteristic

polynomial det(sI - A).

det(sI −A) = s4 + a3s
3 + a2s

2 + a1s+ a0 (6.21)

where,
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Necessary and sufficient condition of stability is that all coefficients of the characteristic equa-

tion must have positive sign. Note that the coefficients of the characteristic equation become

negative for D1 > 0.5 or D2 > 0.5 or D1 > 0.5 and D2 > 0.5. For Example, considering the

circuit parameters shown in Table 6.3 the coefficients of the characteristic equation are found

for three cases as:

Case 1: D1 = 0.52, D2 = 0.3, the coefficients of the characteristic equation are found as:

a3 = −4.49 ∗ 106, a2 = −2.5 ∗ 1012, a1 = −3.389 ∗ 1015, a0 = −1.139 ∗ 1018

Case 2: D1 = 0.4, D2 = 0.6, the coefficients of the characteristic equation are found as:

a3 = 1250, a2 = −9.999 ∗ 1012, a1 = −1.228 ∗ 1015, a0 = −3.759 ∗ 1017

Case 3: D1 = 0.55, D2 = 0.6, the coefficients of the characteristic equation are found as:

a3 = −2.998 ∗ 106, a2 = 1.996 ∗ 1012, a1 = 2.351 ∗ 1015, a0 = 6.907 ∗ 1017
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This confirms that instability in PCM controlled CI-SIDO buck converter occurs when both

duty ratios (D1, D2) or any one duty ratio is greater than 0.5.

6.5.1.1 Simulation Verification

The instability of inner loop is validated using simulation results. The CI-SIDO buck

converter parameter used in simulation are shown in Table 6.3. Figure 6.16 shows the simulated

waveform of reference current icn1, icn2, sensed inductor currents iL1, iL2, gate pulses and output

voltages v01, v02 which is obtained for different duty cycles.

Figure 6.16(a) shows the simulation results which is obtained at duty ratios D1 = 0.48,

D2 = 0.33. It is observed that as D1 < 0.5, D2 < 0.5 the waveform of inductor currents are

stable.

Figure 6.16(b) shows the simulation results obtained for duty cycles D1 = 0.66, D2 = 0.33.

It is observed that as D1 > 0.5, iL1 become unstable and due to the coupling iL2 also became

unstable. Similarly, Figure 6.16(c) shows the results obtained for D1 = 0.3, D2 = 0.66 and

is observed that as D2 > 0.5, iL2 exhibits sub-harmonic oscillation and due to coupling sub-

harmonic oscillation is also observed in iL1. Thus, as predicted the inductor current waveforms

show sub-harmonic oscillation for any one duty cycle greater than 0.5.

Figure 6.16(d) shows the simulation results obtained for D1 = 0.66, D2 = 0.54. It is seen

that the inductor current waveforms are unstable, i.e., show sub-harmonic oscillations. Thus,

as predicted the inductor current waveforms show sub-harmonic oscillation for D1 > 0.5 and

D2 > 0.5.

6.5.1.2 Experimental Verification

The instability of inner current loop is validated experimentally as shown in Figure 6.17.

The CI-SIDO buck converter parameter used in experiment is same as used in simulation.

Figure 6.17(a) shows the stable waveform of inductor currents for D1 = 0.4, D2 = 0.2. Figure

6.17(b) shows the marginal stable waveform of inductor currents for D1 = 0.24, D2 = 0.5.

Figure 6.17(c) shows the unstable waveform of inductor currents for D1 = 0.6, D2 = 0.3.
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Figure 6.16: Simulation results of PCM controlled CI-SIDO buck converter with inner loops closed
(a) D1 = 0.48, D2 = 0.33 (b) D1 = 0.66, D2 = 0.33 (c) D1 = 0.3, D2 = 0.66 (d) D1 = 0.66, D2 = 0.54
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Figure 6.17: Waveform of inductor currents and duty cycles of PCM control CI-SIDO buck with
inner loop close (a) Case 1: D1 < 0.5, D2 < 0.5 stable (b) Case 2: D1 < 0.5, D2 = 0.5 marginal stable
(c) Case 3: D1 > 0.5, D2 < 0.5 unstable
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6.5.2 Inner Loop Instability for PCM Control of CI-SIDO Boost
Converter

The small-signal model of current modulator without slope-compensation for CI-SIDO boost

converter is obtained from (6.11) using mc1 = mc2 = 0, Voff1 = V01, Voff2 = V02, v̂off1 = v̂01,

v̂off2 = v̂02 and is given byd̂1
d̂2

 =

 −2L1

TsV01(1−2D1)
2M

TsV01(1−2D1)

2M
TsV02(1−2D2)

−2L2

TsV02(1−2D2)


îL1
îL2

+

 2L1

TsV01(1−2D1)
−2M

TsV01(1−2D1)

−2M
TsV02(1−2D2)

2L2

TsV02(1−2D2)


îcn1
îcn2


−

 D1(1−D1)
V01(1−2D1)

0

0 D2(1−D2)
V02(1−2D2)


v̂01
v̂02

 (6.22)

Using (6.22) in (6.16), we can obtain the complete state-space model of PCM controlled CI-

SIDO boost converter with inner loops closed. The A matrix of the complete state-space model

is given by

A =



a11 a12 a13 a14

a21 a22 a23 a24

a31 a32 a33 0

a41 a42 0 a44


(6.23)

where,

a11 = −2
Ts(1−k2)(

1
1−2D1

− k2

1−2D2
), a12 = 2M

TsL
′
1

( 1
1−2D1

− 1
1−2D2

)

a13 = −(1−D1)

L
′
1

− D1(1−D1)

L
′
1(1−2D1)

, a14 = −M(1−D2)

L2L
′
1

− MD2(1−D2)

L2L
′
1(1−2D2)

a21 = 2M

TsL
′
2

( 1
1−2D2

− 1
1−2D1

), a22 = −2
Ts(1−k2)(

1
1−2D2

− k2

1−2D1
)

a23 = −M(1−D1)

L1L
′
2

− MD1(1−D1)

L1L
′
2(1−2D1)

, a24 = −(1−D2)

L
′
2

− D2(1−D2)

L
′
2(1−2D2)

a31 = (1−D1)
C1

+ 2IL1L1

TsC1V01(1−2D1)
, a32 = −2IL1M

TsC1V01(1−2D1)
, a33 = IL1D1(1−D1)

C1V01(1−2D1)
− 1

C1R1

a41 = −2IL2M
TsC2V02(1−2D2)

, a42 = (1−D2)
C2

+ 2IL2L2

TsC2V02(1−2D2)
, a44 = IL2D2(1−D2)

C2V02(1−2D2)
− 1

C2R2

(6.24)

The eigenvalues of A, i.e., the roots of the characteristic polynomial is given by

det(sI −A) = s4 + a3s
3 + a2s

2 + a1s+ a0 (6.25)
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Figure 6.18: Simulation results of PCM controlled CI-SIDO boost converter with inner loops closed
(a) D1 = 0.45, D2 = 0.22 (b) D1 = 0.6, D2 = 0.3 (c) D1 = 0.4, D2 = 0.6 (d) D1 = 0.66, D2 = 0.54

Note that the coefficients of the characteristic equation given in (6.25) are function of D1,

D2 and is found that when D1 > 0.5 or D2 > 0.5 or D1 > 0.5 and D2 > 0.5, the coefficients

becomes negative making the system unstable. This confirms that instability in PCM controlled

CI-SIDO boost converter occurs when both duty ratios (D1, D2) or any one duty ratio is greater

than 0.5.

6.5.2.1 Simulation Verification

The instability of PCM controlled CI-SIDO boost converter without slope compensation is

validated using simulation results. The CI-SIDO boost converter parameter used in simulation

are shown in Table 6.3. Figure 6.18 shows the simulated waveform of reference current icn1,
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(a) (b) 

1Li
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2Li
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1Tg 1Tg
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Figure 6.19: Waveform of inductor currents and duty cycles of PCM control CI-SIDO buck with
inner loop close (a) D1 = 0.48, D2 = 0.35 stable (b) D1 = 0.55, D2 = 0.4 unstable stable

icn2, inductor currents iL1, iL2, gate pulses which is obtained for different duty cycles. It is

observed that the waveform of inductor currents are stable for D1 < 0.5, D2 < 0.5 as shown in

Figure 6.18(a) and unstable for any one or both duty cycle greater than 0.5 as shown in Figure

6.18(b), 6.18(c), 6.18(d).

6.5.2.2 Experimental Verification

The instability of PCM controlled CI-SIDO boost converter without slope compensation

is validated experimentally as shown in Figure 6.19. The CI-SIDO boost converter parameter

used in experiment is same as used in simulation. Figure 6.19(a) shows the stable waveform of

inductor currents for D1 = 0.48, D2 = 0.35 and Figure 6.19(a) shows the unstable waveform of

inductor currents for D1 = 0.55, D2 = 0.4.

6.5.3 Inner Loop Instability for PCM Control of CI-SIDO Boost
and Buck Converter

The small-signal model of current modulator without slope-compensation for CI-SIDO boost

and buck converter is obtained from (6.11) using mc1 = mc2 = 0, Voff1 = V01, Voff2 = Vin,

v̂off1 = v̂01, v̂off2 = v̂in and is given by
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d̂1
d̂2

 =

 −2L1

TsV01(1−2D1)
2M

TsV01(1−2D1)

2M
TsVin(1−2D2)

−2L2

TsVin(1−2D2)


îL1
îL2

+

 2L1

TsV01(1−2D1)
−2M

TsV01(1−2D1)

−2M
TsVin(1−2D2)

2L2

TsVin(1−2D2)


îcn1
îcn2


−

 D1(1−D1)
V01(1−2D1)

0

0 D2(1−D2)
Vin(1−2D2)


v̂01
v̂in

 (6.26)

Using (6.26) in (6.17), we can obtain the complete state-space model of PCM controlled CI-

SIDO boost and buck converter with inner loops closed and its A matrix is given by

A =



a11 a12 a13 a14

a21 a22 a23 a24

a31 a32 a33 0

0 a42 0 a44


(6.27)

where,

a11 = −2
Ts(1−k2)(

1
1−2D1

− k2

1−2D2
), a12 = 2M

TsL
′
1

( 1
1−2D1

− 1
1−2D2

)

a13 = −(1−D1)

L
′
1

− D1(1−D1)

L
′
1(1−2D1)

, a14 = −M
L2L

′
1

a21 = 2M

TsL
′
2

( 1
1−2D2

− 1
1−2D1

), a22 = −2
Ts(1−k2)(

1
1−2D2

− k2

1−2D1
)

a23 = −M(1−D1)

L1L
′
2

− MD1(1−D1)

L1L
′
2(1−2D1)

, a24 = −1
L
′
2

a31 = (1−D1)
C1

+ 2IL1L1

TsC1V01(1−2D1)
, a32 = −2IL1M

TsC1V01(1−2D1)
, a33 = IL1D1(1−D1)

C1V01(1−2D1)
− 1

C1R1

a42 = 1
C2
, a44 = − 1

C2R2

(6.28)

The eigenvalues of A, i.e., the roots of the characteristic polynomial is given by

det(sI −A) = s4 + a3s
3 + a2s

2 + a1s+ a0 (6.29)

Note that the coefficients of the characteristic equation given in (6.29) are function of D1,

D2 and is found that when D1 > 0.5 or D2 > 0.5 or D1 > 0.5 and D2 > 0.5, the coefficients

becomes negative making the system unstable. This confirms that instability in PCM controlled

CI-SIDO boost and buck converter occurs when both duty ratios (D1, D2) or any one duty
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Figure 6.20: Simulation results of PCM controlled CI-SIDO boost and buck converter with inner
loops closed (a) D1 = 0.3, D2 = 0.45 (b) D1 = 0.6, D2 = 0.4 (c) D1 = 0.3, D2 = 0.6 (d) D1 = 0.6,
D2 = 0.54

ratio is greater than 0.5.

6.5.3.1 Simulation Verification

The instability of PCM controlled CI-SIDO boost and buck converter without slope compen-

sation is validated using simulation results. The CI-SIDO boost and buck converter parameter

used in simulation are shown in Table 6.3. Figure 6.20 shows the simulated waveform of ref-

erence current icn1, icn2, inductor currents iL1, iL2, gate pulses which is obtained for different

duty cycles. It is observed that the waveform of inductor currents are stable for D1 < 0.5,

D2 < 0.5 as shown in Figure 6.20(a) and unstable for any one or both duty cycle greater than

0.5 as shown in Figure 6.20(b), 6.20(c), 6.20(d).
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6.6 Conclusion

6.6 Conclusion

This chapter develops a unified large signal and small-signal model for peak current mode

(PCM) controlled coupled inductor single-input dual-output (CI-SIDO) converters operating

in continuous conduction mode. The unified model of PCM controlled CI-SIDO converter

is developed by interfacing unified model of current modulator with the small-signal model of

CISIDO converter. The unified analytical model is validated in both simulation and experiment.

Moreover, using the unified model the instability of PCM controlled CI-SIDO converter without

slope compensation is predicted. It is observed that instability in PCM controlled CI-SIDO

converter occur if both duty ratios or any one duty ratio is greater than 0.5. Finally the

instability of PCM controlled CI-SIDO converter is verified using simulation and experimental

results.

Note: Major part of this chapter is reproduced from my publications:

1. G. Nayak and S. Nath, ”Instability in Peak Current Mode Controlled Coupled

SIDO Buck Converter”, 2020 IEEE International Conference on Power Electronics,

Drives and Energy Systems (PEDES), Jaipur, India, 2020. (Accepted)

2. G. Nayak, S. Nath, ”Small Signal Model for Peak Current Controlled Coupled

SIDO Buck Converter”, 2021 IEEE Energy Conversion Congress and Exposition

Asia (ECCE ASIA-2021). (Accepted)
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7. Design of Peak Current Mode Control for CI-SIDO Buck Converter

7.1 Introduction

This chapter aims to design peak current mode (PCM) control for CI-SIDO buck converter

to reduce cross-regulation, improve dynamic performance and prevent sub-harmonic oscilla-

tions. Using the small-signal model of PCM controlled CI-SIDO buck converter developed in

Chapter 6, the slope compensation and Type-II compensator design procedure are proposed.

The effectiveness of designed slope compensation and controller for PCM controlled CI-SIDO

buck converter is validated experimentally on an experimental prototype.

7.2 Analysis of Peak Current Mode Controlled CI-SIDO

Buck Converter

Figure 7.1 and 7.2 show the circuit diagram and small-signal block diagram model of PCM

controlled CI-SIDO buck converter, respectively. Figure 7.2 shows two feedback loops, i.e.,

inner current and outer voltage feedback for each output. The inner current feedbacks are

formed using two equal sensing resistances rs, two slope compensations mc1, mc2 and gains

of current modulators fm11, fm22, fm12, fm21. The modulator gains are functions of slope

compensations. The outer voltage feedbacks are formed using two sensing gains β1, β2 and two

voltage controllers Gv1, Gv2.
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Figure 7.1: Circuit diagram of Peak current mode control CI-SIDO buck converter
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02î
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Figure 7.2: Small signal model of peak current mode controlled CI-SIDO buck converter

7.2.1 Analysis of Inner Current Loops

From Figure (7.2), the inductor currents can be written in matrix form asîL1
îL2

 =

Gid11 Gid12

Gid21 Gid22


d̂1
d̂2

+

Gig1

Gig2

[v̂in]+

Hii11 Hii12

Hii21 Hii22


î01
î02

 (7.1)

The expression of all transfer functions in (7.1) are given in Chapter 2.

From Figure (7.2), the duty cycles are expressed asd̂1
d̂2

 =

 fm11 −fm12

−fm21 fm22


v̂cn1 − rsîL1
v̂cn2 − rsîL2

−
kg1
kg2

[v̂in]

=

 fm11 −fm12

−fm21 fm22


v̂cn1
v̂cn2

−
 fm11rs −fm12rs

−fm21rs fm22rs


îL1
îL2

−
kg1
kg2

[v̂in]
(7.2)

where, kg1 = kv11 + kv12, kg2 = kv22 + kv21. The expression of modulator gains fm11, fm22, fm12,

fm21 and feed-forward gains kv11, kv12, kv21, kv22 are given in Chapter 6.
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Using (7.1) in (7.2), we getd̂1
d̂2

 =

 fm11 −fm12

−fm21 fm22


v̂cn1
v̂cn2

−
 fm11rs −fm12rs

−fm21rs fm22rs



Gid11 Gid12

Gid21 Gid22


d̂1
d̂2


+

Gig1

Gig2

[v̂in]+

Hii11 Hii12

Hii21 Hii22


î01
î02


−

kg1
kg2

[v̂in]
(7.3)

Rearranging (7.3), we get1 +X11 X12

X21 1 +X22


d̂1
d̂2

 =

 fm11 −fm12

−fm21 fm22


v̂cn1
v̂cn2

−
Xig1

Xig2

[v̂in]−
Yii11 Yii12
Yii21 Yii22


î01
î02


(7.4)

where,

X11 = rs(fm11Gid11 − fm12Gid21), X22 = rs(fm22Gid22 − fm21Gid12)

X12 = rs(fm11Gid12 − fm12Gid22), X21 = rs(fm22Gid21 − fm21Gid11)

Xig1 = kg1 + rs(fm11Gig1 − fm12Gig2), Xig2 = kg2 + rs(fm22Gig2 − fm21Gig1)

Yii11 = rs(fm11Hii11 − fm12Hi121), Yii22 = rs(fm22Hii22 − fm21Hi112)

Yii12 = rs(fm11Hii12 − fm12Hi122), Yii21 = rs(fm22Hii21 − fm21Hi112)

(7.5)

The expressions of (7.5) in terms of circuit variables are obtained using the expressions of all

transfer functions, modulator gains assuming ideal condition (no parasitic resistances) and are

given as follows
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X11 = x01(1−
k2a2

mc1 + a2
)
(s+ 1

R1C1
)(s2 + s

R2C2
+ 1

Leq2C2
)

Deno(s)

X22 = x02(1−
k2a1

mc1 + a1
)
(s+ 1

R2C2
)(s2 + s

R1C1
+ 1

Leq1C1
)

Deno(s)

X12 =
Mx01(s+ 1

R2C2
)

L2

(s2(1− a2
mc2+a2

) + s
R1C1

(1− a2
mc2+a2

) + −a2
L1C1(mc2+a2)

)

Deno(s)

X21 =
Mx02(s+ 1

R1C1
)

L1

(s2(1− a1
mc1+a1

) + s
R2C2

(1− a1
mc1+a1

) + −a1
L2C2(mc1+a1)

)

Deno(s)

Xig1 = kg1 +
rsfm1D1

L1

(s+ 1
R1C1

)(s2 + s
R2C2

+ 1

L
′
2C2

)− MD2

L2L
′
1C1D1

(s+ 1
R2C2

)

Deno(s)

Xig2 = kg2 +
rsfm2D2

L2

(s+ 1
R2C2

)(s2 + s
R1C1

+ 1

L
′
1C1

)− MD1

L1L
′
2C2D2

(s+ 1
R1C1

)

Deno(s)

Yii11 =
rsfm1

L1C1

(s2 + s
R2C2

+ 1

L
′
2C2

)

deno(s)
, Yii22 =

rsfm2

L2C2

(s2 + s
R1C1

+ 1

L
′
1C1

)

deno(s)

Yii21 =
−rsfm2M

L2L
′
1C1

1
L2C2

)

deno(s)
, Yii12 =

−rsfm1M

L1L
′
2C2

1
L1C1

)

deno(s)

(7.6)

where, Deno(s) = (s2 + s
R1C1

+ 1
Lk1C1

)(s2 + s
R2C2

+ 1
Lk2C2

)− k2

Lk1Lk2C1C2

x01 = rsVinfm11

L
′
1

, x01 = rsVinfm22

L
′
2

, a1 = Vin(1−2D1)

2L
′
1

, a2 = Vin(1−2D2)

2L
′
2

, Leqj = Lj(1− k2aj
mcj+aj

), j = {1, 2}

Solving (7.4), we getd̂1
d̂2

 =

 fm11+
fm21X12
1+X22

1+T
′
i1

−
fm12+

fm22X12
1+X22

1+T
′
i1

−
fm21+

fm11X21
1+X11

1+T
′
i2

fm22+
fm12X21
1+X11

1+T
′
i2


v̂cn1
v̂cn2

−
Xig1−

Xig2X12
1+X22

1+T
′
i1

Xig2−
Xig1X21
1+X11

1+T
′
i2

[v̂in]

−

Yii11−
Yii21X12
1+X22

1+T
′
i1

Yii12−
Yii22X12
1+X22

1+T
′
i1

Yii21−
Yii11X21
1+X11

1+T
′
i2

Yii22−
Yii12X21
1+X11

1+T
′
i2


î01
î02


(7.7)

where,

T
′

i1 = X11 −
X12X21

1 +X22

, T
′

i2 = X22 −
X12X21

1 +X11

(7.8)

T
′
i1, T

′
i2 are the current loop gains.
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7.2.1.1 Current Loop Gains

The current loop gain transfer functions are denoted as T
′
i1, T

′
i2 and are given by (7.8). The

DC gains of X11, X22, X11, X22 are

|X11| =
rsVin/R1Ts

mc1 + a1 − k2a1a2
mc2+a2

, |X12| =
−Ma2|X11|
L1(mc2 + a2)

|X22| =
rsVin/R2Ts

mc2 + a2 − k2a1a2
mc1+a1

, |X21| =
−Ma1|X22|
L2(mc1 + a1)

(7.9)

From (7.8), (7.9), it is observed that T
′
ij becomes negative when mcj = 0, Dj > 0.5, which lead

to instability of inner current loop. Therefore, to prevent instability of inner loops for Dj > 0.5,

the slope compensations mcj are designed to make

|X11| >> 0 , |X22| >> 0 (7.10)

Applying, (7.10) in (7.8), the current loop gains can be approximated as

T
′

i1 ≈ X11 −
X12X21

X22

= rsfm1Gid1 ≡ Ti1

T
′

i2 ≈ X22 −
X12X21

X11

= rsfm2Gid2 ≡ Ti2

(7.11)

where, Gidj, fmj are the approximated duty cycle to inductor current transfer function, current

modulator gain and are given by

Gidj|ideal =
Vin
Leqj

(s+ 1
RjCj

)

s2+ s
R2Cj

+ 1
LeqjCj

, Gidj|non−ideal =
Vin
Leqj

(s+
r
′′
j

Cj
)

s2+s(
r
′
j

Leqj
+

r
′′
j

Cj
)+

Rjr
′′
j

LeqjCj

fmj = 1/Ts

(mcj+
Vin(1−2Dj)

2Lj
)

(7.12)

From (7.11), (7.12) it is found that the instability can be prevented if slope compensation

satisfies

mcj >
Vin(1− 2Dj)

2Lj
, for Dj > 0.5 (7.13)

It is noted from (7.11), (7.12) that mcj are inversely related with the DC gains and resonant

frequency of Tij. Thus, with large mcj, DC gains and resonant frequency of Tij decreases and

the control scheme reduce to voltage mode control. So, mcj are designed to ensure faster current
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loops and satisfy (7.13).

7.2.2 Analysis of Outer Voltage Loops

The output voltages of the converter is written in matrix form asv̂01
v̂02

 =

Gvd11 Gvd12

Gvd21 Gvd22


d̂1
d̂2

+

Gvg1

Gvg2

[v̂in]+

Zvi11 Zvi12

Zvi21 Zvi22


î01
î02

 (7.14)

The expressions of all transfer functions in (7.14) are given in Chapter 2.

Using (7.7) in (7.14), we getv̂01
v̂02

 =

Gvd11 Gvd12

Gvd21 Gvd22



 fm11+

fm21X12
1+X22

1+T
′
i1

−
fm12+

fm22X12
1+X22

1+T
′
i1

−
fm21+

fm11X21
1+X11

1+T
′
i2

fm22+
fm12X21
1+X11

1+T
′
i2


v̂cn1
v̂cn2

−
Xig1−

Xig2X12
1+X22

1+T
′
i1

Xig2−
Xig1X21
1+X11

1+T
′
i2

[v̂in]

−

Yii11−
Yii21X12
1+X22

1+T
′
i1

Yii12−
Yii22X12
1+X22

1+T
′
i1

Yii21−
Yii11X21
1+X11

1+T
′
i2

Yii22−
Yii12X21
1+X11

1+T
′
i2


î01
î02


+

Gvg1

Gvg2

[v̂in]+

Zvi11 Zvi12

Zvi21 Zvi22


î01
î02


(7.15)

The reference control voltages vcn1, vcn2 for inner current loops are generated by the outer

voltage loops as shown in Figure 7.2(b) and is written asv̂cn1
v̂cn2

 =

Gv1 0

0 Gv2


vref1 − β1v01
vref2 − β2v02

 (7.16)

Using (7.16) in (7.15), and rearranging we get1 + β1Gv1Hvc11 β2Gv2Hvc12

β1Gv1Hvc21 1 + β2Gv2Hvc22


v̂01
v̂02

 =

Gv1Hvc11 Gv2Hvc12

Gv1Hvc21 Gv2Hvc22


v̂ref1
v̂ref2


+


Gvg1

Gvg2

−
Gvd11 Gvd12

Gvd21 Gvd22


Xig1−

Xig2X12
1+X22

1+T
′
i1

Xig2−
Xig1X21
1+X11

1+T
′
i2


[v̂in]

+


Zvi11 Zvi12

Zvi21 Zvi22

−
Gvd11 Gvd12

Gvd21 Gvd22


Yii11−

Yii21X12
1+X22

1+T
′
i1

Yii12−
Yii22X12
1+X22

1+T
′
i1

Yii21−
Yii11X21
1+X11

1+T
′
i2

Yii22−
Yii12X21
1+X11

1+T
′
i2



î01
î02



(7.17)
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where,

Hvc11 =
1

1 + T
′
i1

(
Gvd11

(
fm11 +

fm21X12

1 +X22

)
−Gvd12

(
fm21

1 +X11

1 +X22

+
fm11X21

1 +X22

))
Hvc22 =

1

1 + T
′
i2

(
Gvd22

(
fm22 +

fm12X21

1 +X11

)
−Gvd21

(
fm12

1 +X22

1 +X11

+
fm22X12

1 +X11

))
Hvc12 =

1

1 + T
′
i1

(
Gvd12

(
fm22

1 +X11

1 +X22

+
fm12X21

1 +X22

)
−Gvd11

(
fm12 +

fm22X12

1 +X22

))
Hvc21 =

1

1 + T
′
i2

(
Gvd21

(
fm11

1 +X22

1 +X11

+
fm21X12

1 +X11

)
−Gvd22

(
fm21 +

fm11X21

1 +X11

))
(7.18)

Solving (7.17), we get the closed-loop expression asv̂01
v̂02

 =

 1

1+T
′
1

−β2Gv2Hvc12

(1+β2Gv2Hvc22)(1+T
′
1)

−β1Gv1Hvc21

(1+β1Gv1Hvc11)(1+T
′
2)

1

1+T
′
2



Gv1Hvc11 Gv2Hvc12

Gv1Hvc21 Gv2Hvc22


v̂ref1
v̂ref2


+


Gvg1

Gvg2

−
Gvd11 Gvd12

Gvd21 Gvd22


Xig1−

Xig2X12
1+X22

1+T
′
i1

Xig2−
Xig1X21
1+X11

1+T
′
i2


[v̂in]

+


Zvi11 Zvi12

Zvi21 Zvi22

−
Gvd11 Gvd12

Gvd21 Gvd22


Yii11−

Yii21X12
1+X22

1+T
′
i1

Yii12−
Yii22X12
1+X22

1+T
′
i1

Yii21−
Yii11X21
1+X11

1+T
′
i2

Yii22−
Yii12X21
1+X11

1+T
′
i2



î01
î02




(7.19)

where, T
′
1, T

′
2 are the outer loop gains and are given as

T
′

1 = β1Gv1(Hvc11 −
β2Gv2Hvc12Hvc21

1 + β2Gv2Hvc22

)

T
′

2 = β2Gv2(Hvc22 −
β1Gv1Hvc12Hvc21

1 + β1Gv1Hvc11

)

(7.20)

It is observed from (7.20) that the outer loop gain transfer functions T
′
1, T

′
2 depend on both

controller Gv1, Gv2. Thus, the design of controller is not independent.

7.2.2.1 Approximated Outer Loop Gains

The outer loop gains is given by (7.20). Controller increases the low frequency gains, and

thus we can assume

|β1Gv1Hvc11| >> 1 , |β2Gv2Hvc22| >> 1 (7.21)
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Applying (7.21) in (7.20), the outer loop gains is approximated as

T
′

1 ≈ β1Gv1(Hvc11 −
Hvc12Hvc21

Hvc22

)

T
′

2 ≈ β2Gv2(Hvc22 −
Hvc12Hvc21

Hvc11

)

(7.22)

Using (7.18) in (7.22) and applying (7.10), the approximated outer loop gains can be written

as

T
′

1 ≈
β1Gv1fm1Gvd1

1 + Ti1
=

Tv1
1 + Ti1

≡ T1

T
′

2 ≈
β2Gv2fm2Gvd2

1 + Ti2
=

Tv2
1 + Ti2

≡ T2

(7.23)

where, Tj are the approximated outer loop gains, Tvj are the approximated voltage loop gains

and Gvdj are the approximated duty cycle to output voltage transfer function. Gvdj is given by

Gvdj|ideal =

Vin
LeqjCj

s2 + s
RjCj

+ 1
LeqjCj

, Gvdj|non−ideal =

Vinr
′
j

Leqj
(s+ 1

rcjCj
)

s2 + s(
r
′
j

Leqj
+

r
′′
j

Cj
) +

Rjr
′′
j

LeqjCj

(7.24)

Equation (7.23) shows that Gv1 is related to T1 and Gv2 is related to T2. Thus, the controller

design is independent. It is also observed from (7.23), that the controller Gcj directly affects

Tvj and indirectly effects Tj.

7.2.3 Closed-loop Transfer Functions

The stability and closed-loop performance of PCM controlled CI-SIDO buck converter is

studied by analysing closed-loop audio susceptibility and load regulations.

7.2.3.1 Closed-loop Audio-susceptibility

The closed-loop audio susceptibility transfer functions can be calculated using (7.19) by

making v̂ref1 = v̂ref2 = î01 = î02 = 0 and is given byv̂01
v̂02

 =

 1

1+T
′
1

−β2Gv2Hvc12

(1+β2Gv2Hvc22)(1+T
′
1)

−β1Gv1Hvc21

(1+β1Gv1Hvc11)(1+T
′
2)

1

1+T
′
2



Gvg1

Gvg2

−
Gvd11 Gvd12

Gvd21 Gvd22


Xig1−

Xig2X12
1+X22

1+T
′
i1

Xig2−
Xig1X21
1+X11

1+T
′
i2


[v̂in]

(7.25)
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Applying (7.10), (7.21) in (7.25), we obtainv̂01
v̂02

 ≈
 1

1+T1
0

0 1
1+T2



Gvg1

Gvg2

−
Gvd11 Gvd12

Gvd21 Gvd22


Xig1−

Xig2X12
X22

1+Ti1

Xig2−
Xig1X21

X11

1+Ti2


[v̂in] (7.26)

Using (7.6), expression of Gvd11, Gvd12, Gvd21, Gvd22 in (7.26) and solving we obtain the closed-

loop audio-susceptibility as

Gvg1−cl =
v̂01
v̂in

∣∣∣∣
CL

≈
(Gvg1 − Yig1

1+Ti1
)

1 + T1
, Gvg2−cl =

v̂02
v̂in

∣∣∣∣
CL

≈
(Gvg2 − Yig2

1+Ti2
)

1 + T2
(7.27)

where, Yig1 = Gvd1(
kg1
1−k2 + Mfm1kg2

L1(1−k2)fm2
+Gig1rsfm1), Yig2 = Gvd2(

kg2
1−k2 + Mfm2kg1

L2(1−k2)fm1
+Gig2rsfm2)

Without feed-forward gains, i.e., kg1 = kg2 = 0, the closed-loop transfer functions are

simplified to

Gvg1−cl|kg1=kg2=0 ≈
(Gvg1 − Gvd1Gig1rsfm1

1+Ti1
)

1 + T1
, Gvg2−cl|kg1=kg2=0 ≈

(Gvg2 − Gvd2Gig2rsfm2

1+Ti2
)

1 + T2
(7.28)

It is observed from (7.28), that inner loop attenuates the gain of open loop audio-susceptibility

Gvg1/Gvg2, as a result it improves the closed-loop audio-susceptibility Gvg1−cl/Gvg2−cl. More-

over, it is found from (7.27) that feed-forward gains in PCM control further improves the

closed-loop audio-susceptibility.

7.2.3.2 Closed-loop Load Regulation

The closed-loop load regulation transfer functions can be calculated using (7.19) by making

v̂ref1 = v̂ref2 = v̂in = 0, applying (7.10), (7.21) and we getv̂01
v̂02

 ≈
 1

1+T1
0

0 1
1+T2



Zvi11 Zvi12

Zvi21 Zvi22

−
Gvd11 Gvd12

Gvd21 Gvd22


Yii11−

Yii21X12
X22

1+Ti1

Yii12−
Yii22X12

X22

1+Ti1

Yii21−
Yii11X21

X11

1+Ti2

Yii22−
Yii12X21

X11

1+Ti2



î01
î02


(7.29)

Using (7.6), expression of Gvd11, Gvd12, Gvd21, Gvd22 in (7.29) and solving we obtain the approx-

imated closed-loop load-regulation as follows:
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Approximated closed-loop self-regulation

Zvi11−cl =
v̂01

−î01

∣∣∣∣
CL

≈ 1

1 + T1
(Zvi11 +

rsfm1Gvd1Hii11

1 + Ti1
)

Zvi22−cl =
v̂02

−î02

∣∣∣∣
CL

≈ 1

1 + T2
(Zvi22 +

rsfm2Gvd2Hii22

1 + Ti2
)

(7.30)

Approximated closed-loop cross-regulation

Zvi12−cl =
v̂01

î02

∣∣∣∣
CL

≈ 1

1 + T1
(Zvi12 −

rsfm1Gvd1Hii12

1 + Ti1
)

Zvi21−cl =
v̂02

î01

∣∣∣∣
CL

≈ 1

1 + T2
(Zvi21 −

rsfm2Gvd2Hii21

1 + Ti2
)

(7.31)

It is observed from (7.30) that, inner loop provides additional gain to the open loop self-

regulation transfer function (Zvi11/Zvi22) and thus closed-loop self-regulation is inferior with

PCM control compared to VMC. Moreover, from (7.31) it is observed that inner loop provides

additional attenuation of open loop cross-regulation and thus closed-loop cross-regulation is

improved with PCM control.

7.3 Stability Analysis of Closed-loop System

The stability of the closed-loop system can be analysed using the outer loop gain transfer

functions as given in (7.23). The outer loop gain Tj is related with voltage loop Tvj and current

loop Tij as

Tj =
Tvj

1 + Tij
=


Tvj
Tij
, at low freq. |Ti1| >> 1

Tvj, at high freq. |Ti1| << 1
(7.32)

From (7.32), it is observed that stability of Tj depends on stability of Tij, Tvj. Thus, if Tvj

or Tij becomes unstable then Tj also become unstable. The stability of Tij depend on slope

compensation and stability of Tvj depends on controller design. Moreover, to achieve tight

regulation, good closed-loop stability and performance, the gain of Tj should be high at low

frequency and low at high frequency with sufficient phase margin. For this, the Gcj are designed

such that Tvj should dominate over Tij at low frequency region and Tij should dominate over

Tvj at high frequency.
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Inner Current Loop Stability

As discussed in Section 7.2.1.1, the inner current loop gains become unstable when Dj > 0.5.

The instability of Tij is prevented by the use of slope compensations. The inner current loop

gain transfer function is written in non-dimensional form as

Tij = Ti0
(1 + s

ωidj
)

1 +
2ζjs

ωoj
+ s2

ω2
oj

where, j = {1, 2} (7.33)

where, Ti0 = fmjrsVin/Rj, ωoj = Rjr
′′
j /CjLeqj, ωidj = r

′′
j /Cj, ζj =

Cjr
′
j+Leqjr

′′
j

2
√
LeqjCjRjr

′′
j

.

Figure 7.3 show the asymptotic bode plot of Tij. The inner current loop is inherently stable

with -20 dB slope at crossover frequency ωci1 with 90◦ final phase. Moreover, it is found that

slope compensation effect the DC gain, resonant frequency. Higher the slope compensation

lower is the DC gain and crossover frequency. Therefore, the objective for designing slope

compensation is to ensure faster inner current loop. To achieve the objective, the inner loop

crossover frequency ωci1 needs to be placed at a higher frequency. The ωci1 of Ti1 is increases up

to the frequency where the small-signal analysis is valid, i.e., half of the switching frequency.

Outer and Voltage Loop Stability

The stability of Tj, Tvj depends on the design of controller Gcj. To improve the low frequency

gain Type-II compensator is used. The transfer function of Tvj is given in (7.23) and is written

in non-dimensional form as

Tvj = βjfmjGcjGvdj = Tv0
(1 + s

ωesrj
)(1 + s

ωcj−z
)

s(1 +
2ζjs

ωoj
+ s2

ω2
oj

)(1 + s
ωcj−p

)
(7.34)

where, Tv0 = βjfmjkcjVin, ωesrj = 1
rcjCj

, ωoj =

√
Rjr
′′
j

LeqjCj
, ζj =

Cjr
′
j+Leqjr

′′
j

2
√
LeqjCjRjr

′′
j

Figure 7.3 shows the asymptote bode plot plots of Tij, Tvj, Tj. The compensator pole ωcj−p

is placed after ESR zero to ensure dominance of Tij at high frequency. The compensator zero

ωcj−z is placed before complex pole frequency ωoj to avoid conditional stability of Tvj.
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Figure 7.3: Proposed controller design (a) Circuit diagram of Type-II compensator (b) Desire char-
acteristics of loop gains Tij , Tvj , Tj

7.4 Proposed Controller Design Procedure

Based on the analysis discussed in Section 7.2, Section 7.3, design procedure for PCM

controlled CI-SIDO buck converter is established. Firstly, slope compensations are designed

to prevent current loop instability and ensure fast response than voltage loop. Second, the

controllers are designed to improve closed-loop stability and performance.

7.4.1 Slope Compensation Design

The design procedure is as follows:

(i) Choose the crossover frequency of Tij: Select wcij between 0.2ωs to 0.5ωs

(ii) Determine the DC gain of Tij, i.e., Ti0: From Fig. 7.3(b) the DC gain Ti0 is

20log(Ti0) + 20log(
ωioj
ωidj

)− 20log(
ωcij
ωioj

) = 0 dB

=⇒ Ti0(
ωioj
ωidj

)
ωioj
ωcij

= 1 =⇒ Ti0 =
ωcijωidj
ω2
ioj

(7.35)

(iii) Determine the required slope compensation mcj:

Using (7.35), (7.12) in Ti0 = fmjrsVin/Rj, the mcj is

mcj =
rsVin

TsωcijLj
− Vin(1− 2Dj)

2Lj
(7.36)
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Equation (7.36) clarifies that the condition (7.13) is satisfied for Dj > 0.5.

7.4.2 Compensator Design

Based on desired characteristic as shown in Figure 7.3(b) the design procedure is as follows:

(i) Place Controller zero ωcj−z: Place ωcj−z before ωoj to provide 90◦ phase boost for pre-

venting conditional stability of Tvj. As a thumb rule, place ωcj−z at

ωcj−z = 0.8ωoj (7.37)

(ii) Place Controller pole ωcj−p: Place ωcj−p at ωcj−p = 2ωesrj to ensure dominance of Tij at

high frequency.

(iii) Choose crossover frequency ωcj of outer loop Tj: Select ωcj of Tj less that ωesr to ensure

faster inner current loop and good load regulation. Thus, ωcj is

ωcj = 0.4ωesrj (7.38)

(iv) Calculate controller gain kcj: Based on Figure 7.3(b), the controller gain is

kcj =
rsωcjωcj−z
ωidjβjRj

(7.39)

(v) Calculate circuit parameter of Gcj: Use (7.37)-(7.39) to calculate the controller parameter

(r1, r2, c1, c2)

7.4.3 Design Example

The slope compensation and controller are designed using the circuit parameter shown in

Table 7.1.

Slope Compensation Design: The inner loops crossover frequency are chosen as fci1 =

fci2 = 20 kHz. Using the circuit parameter values as given in Table 7.1 in (7.36), the slope

compensations are found as mc1 = 20941 V/s, mc2 = 12827 V/s. Figure 7.4 shows the bode

plots of current loop gains Ti1, Ti2 and is observed that with designed slope compensation,

required crossover frequency is achieved.
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Table 7.1: Design parameter of CI-SIDO buck converter

Parameter Vin V01, V02 C1, C2 R1, R2 rc1 = rc2
Value 10 V 5 V, 3.3 V 320 µF, 320 µF 5 Ω, 3.3 Ω 0.15 Ω

Parameter rs L1, L2 M fs β1 = β2
Value 0.5 190 µH ,180 µH 130 µH 100 kHz 1/3
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Figure 7.4: Bode plots of loop gains (a) Ti1, Tv1, T1 (b) Ti2, Tv2, T2

Controller Design: Using the parameter shown in Table 7.1, ωesr1 = ωesr2 = 1/rc1C1 = 20833

rad/sec, ωo1 = 4000 rad/sec, ωo2 = 4520 rad/sec, ωid1 = 607 rad/sec, ωid2 = 906 rad/sec.

From (7.38), the crossover frequency of outer loop is found as fc1 = fc2 = 1.32 kHz. Using

(7.37)-(7.39), the parameter of Gv1, Gv2 are calculated as ωc1−z = 3200 rad/sec, kc1 = 13179,

ωc2−z = 3616 rad/sec, kc2 = 15116, ωc1−p = ωc2−p = 41666 rad/sec. The designed Gv1, Gv2

transfer functions are

Gv1 =
13179(1 + 3.125 ∗ 10−4s)

s(1 + 2.4 ∗ 10−5s)
, Gv2 =

15116(1 + 2.76 ∗ 10−4s)

s(1 + 2.4 ∗ 10−5s)
(7.40)

Figure 7.4 shows the bode plot of loop gains. From Figure 7.4(a), it is observed that with

designed controller, T1 follows Tv1 at low frequency region and follow Ti1 at high frequency with

phase margin PM = 86◦. Same observation is seen for T2 in Figure 7.4(b) with phase margin

88◦.
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7.5 Simulation Results and Analysis

To evaluate the performance of the PCM controlled CI-SIDO buck converter, simulation

studied are conducted in MATLAB SIMULINK environment. The parameter of the converter

are shown in Table 7.1.

7.5.1 Frequency Domain Analysis

The closed-loop performance of the proposed PCM control is analysed using bode plots

of cross-regulation Zvi12cl, audio-susceptibility Gvg1cl, self-regulation Zvi11cl as shown in Figure

7.5. It is observed that the low frequency gains of Zvi12cl, Gvg1cl are lower than Zvi11cl which

means cross-regulation, audio-susceptibility are better than self-regulation. The reason behind

inferior self-regulation is that inner current loop provides additional gain to self-regulation

transfer function as shown in (7.30) as a result of which the gain of Zvi11cl increases.

7.5.2 Time Domain Analysis

7.5.2.1 Steady-state Performance

The simulated waveform of proposed PCM control with slope compensation is shown in

Figure 7.6. Figure 7.6(a) shows the waveform of control inputs and gate pulses. As shown

in Figure 7.6(a), gate pulses d1, d2 are generated when sensed inductor currents rs1iL1, rs2iL2

reaches the control input vcn1 − vslope1, vcn2 − vslope2, respectively. Figure 7.6(b) shows the
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Figure 7.6: Steady-state simulation results (a) Gate signals (b) Inductor currents and output voltages

steady-state inductor currents and output voltage waveforms. It is observed that the proposed

controller and slope compensation is able to regulate v01 and v02 at 5 V and 3.3 V and achieve

stability.

7.5.2.2 Dynamic Performance

The dynamic performance of the PCM controlled CI-SIDO buck converter is studied using

transient response of output voltages for step change in load currents, reference voltages and

input voltage.

Load Regulation: Figure 7.7 shows the simulation results for step change is load current.

Figure 7.7(a) shows the results for step change in i01 from 1 A to 2 A keeping i02 constant at

1 A. It is observed that when i01 is step changed, v01 experience self-regulation (undershoot)

of 0.2 V with settling time 0.8 ms and v02 experience cross-regulation (overshoot) of 0.02 V

with settling time 0.1 ms. Similarly, Figure 7.7(b) shows the simulation results for step change

in i02 from 1 A to 2 A keeping i01 constant at 1 A. It is observed that the v01 under goes

overshoot (cross-regulation) of 0.03 V with settling time 0.1 ms and v02 under goes undershoot

(self-regulation) of 0.2 V with settling time 0.8 ms.

Cross-coupling Figure 7.8 shows the simulation results for step change in reference voltage.

In Figure 7.8(a), when vref1 is change from 1.6 V to 1.83 V, v01 changes from 4.8 V to 5.5 V and
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Figure 7.7: Simulation results for load regulation (a) Step change in i01 (b) Step change in i02
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Figure 7.8: Simulation results for cross-coupling (a) Step change in vref1 (b) Step change in vref2

v02 experience negligible cross-coupling effect of 30 mV with settling time 0.1 ms. Similarly, in

Figure 7.8(b), when vref2 changes from 1.1 V to 1.4 V then v02 changes from 3.3 V to 4.2 V

and v01 experience cross-coupling of 50 mV with settling time 0.1 ms.

Audio-susceptibility Figure 7.9 shows the simulation results for step change in input voltage.

It is observed that when input voltage vin is step changed from 10 V to 12 V, v01, v02 experience

negligible audio-susceptibility effect.
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Figure 7.10: Experimental set-up of peak current mode controlled CI-SIDO buck converter

7.6 Experimental Results

The peak current-mode (PCM) CI-SIDO buck converter is validated experimentally by de-

veloping an experimental prototype as shown in Figure 7.10. The PCM control is realized using

OpAmp LF347N, SR latch CD4043, comparator LM311. The clock signal and slope compen-

sation are generated using a signal generator. The parameter values are used in experiment is

same as used in simulation (Table 7.1).

7.6.1 Steady-state Performance

The experimental waveform of proposed PCM control with slope compensation is shown in

Figure 7.11. Figure 7.11(a) shows the waveform of control inputs, i,e., set, reset to SR flip-flops,

169

TH-2784_146102037



7. Design of Peak Current Mode Control for CI-SIDO Buck Converter

10 us/div

2rv

1rv

2Tg
1Tg

1Li

2Li

clk

(a)      

V01= 5 V

V02= 3.3 V

IL2= 1 A

IL1= 1 A

1Li

2Li

01v

02v

(b)

Figure 7.11: Experimental steady state results
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Figure 7.12: Experimental results for load regulation (a) step change in i01 (b) step change in i02

gate pulses and iL1, iL2 in order to explain the operation of PCM control. As shown in Figure

7.11(a), clk sets the SR flip-flops, turns on the ST1, ST2. When resets vr2 is on, ST2 is turned

off. When reset vr1 is on, ST1 is turned off. It is observed from Figure 7.11(b) that the proposed

controller and slope compensation is able to regulate v01 and v02 at 5 V and 3.3 V and achieve

stability.

7.6.2 Dynamic Performance

7.6.2.1 Load Regulation

The experimental results for load regulation are shown in Figure 7.12. For 100% step change

in load current i01 as shown in Figure 7.12(a), the output voltages v01 experience self-regulation

(undershoot) of 0.16 V, v02 experience a negligible cross-regulation of 0.01 V with settling time

200 µs. Similarly, for 100 % step load change in i02 as shown in Figure 7.12(b), v02 experience
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Figure 7.13: Experimental results for cross-coupling (a) step change in vref1 (b) step change in vref2

self-regulation of 0.12 V, v01 experience negligible cross-regulation of 0.02 V with settling time

200 µs.

7.6.2.2 Cross-coupling

The response of output voltages v01, v02 for step change in reference voltage vref1, vref2

are depicted in Figure 7.13. In Figure 7.13(a), when vref1 is change from 1.6 V to 1.83 V,

v01 changes from 4.8 V to 5.5 V and v02 experience negligible cross-coupling effect of 20 mV.

Similarly, in Figure 7.13(b), when vref2 changes from 1.1 V to 1.4 V then v02 changes from 3.3

V to 4.2 V and v01 experience cross-coupling of 40 mV. From Figure 7.13, it can be conclude

that with PCM control, the cross-coupling effect is negligible.

7.6.2.3 Audio-susceptibility

The experimental result for audio-susceptibility is shown in Figure 7.14. For step change

in input voltage from 10 V to 12 V, the output voltages v01, v02 experience negligible audio-

susceptibility effect. Thus, audio-susceptibility is improved with PCM control.

7.6.3 Performance Comparison

The closed-loop performance of the proposed PCM control for CI-SIDO buck converter is

evaluated based on the performance indices discussed in chapter 4. Based on the simulation

and experimental results, the performance indices of PCM controlled CI-SIDO buck converter
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Table 7.2: Comparison with existing methods of SIDO Buck converter

References [34] [38] [46] Chapter 4 Chapter 5 This Chapter
Topology SI-SIDO SI-SIDO SI-SIDO CI-SIDO CI-SIDO CI-SIDO
Control State Model Current ripple Decoupled Decoupled PCM
method feedback predictive control voltage average current control
Input 4.8 V 20 V 10 V 10 V 10 V 10 V

Output 3.3 V, 1.2 V 12 V, 8 V 5 V, 3.3 V 6 V, 3.3 V 6 V, 3.3 V 5 V, 3.3 V
Load 0.1 A, 1.2 A-2.4 A 2.5 A, 1.1 A 0.5 A - 3 A 1 A - 2.5 A, 1 A-2.5 A ,

current 0.1 A 0.8 A-2.0 A 0.5 A - 3 A 1 A - 2.5 A 1 A- 2.5 A
Output power 0.45 W 39 W 16 W 28 W 24 W 21 W

fs 100 kHz 100 kHz 50 kHz 100 kHz 100 kHz 100 kHz
Transient time * 444 µs 150 µs 220 µs 200 µs 200 µs

SRI1 0.033 0.014 * 0.03 0.033 0.033
SRI2 0.03 0.019 * 0.024 0.036 0.036
CRI1 0.015 0.025 0.04 0.016 0.008 0.004
CRI2 0.013 0.01 0.006 0.015 0.006 0.003
CCI1 * 0.27 * 0.059 0.046 0.029
CCI2 * * * 0.096 0.12 0.042
ASI1 * * * 0.025 0.016 0
ASI2 * * * 0.037 0.022 0

* value not reported

are calculated as follows

SRI1 =
∆V01/V01
∆I01/I01

=
0.16/5

1/1
= 0.032 , SRI2 =

∆V02/V02
∆I02/I02

=
0.12/3.3

1/1
= 0.036

CRI1 =
∆V01/V01
∆I02/I02

=
0.02/5

1/1
= 0.004 , CRI2 =

∆V02/V02
∆I01/I01

=
0.01/3.3

1/1
= 0.003

ASI1 =
∆V01/V01
∆Vin/Vin

≈ 0 , ASI2 =
∆V02/V02
∆Vin/Vin

≈ 0

CCI1 =
∆V01/V01

∆Vref2/Vref2
=

0.04/5

0.3/1.1
= 0.029 , CCI2 =

∆V02/V02
∆Vref1/Vref1

=
0.02/3.3

0.23/1.6
= 0.042

(7.41)

The closed-loop performance of PCM control CI-SIDO buck converter is compared with the

decoupled VMC discussed in Chapter 4, decoupled ACC discussed in Chapter 5 and existing

methods for SI-SIDO converter and is tabulated in Table 7.2. From the Table 7.2, it is observed

that proposed PCM control for CI-SIDO buck has cross-regulation index CRI as 0.004 which is
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less compared to other methods. Moreover, the cross-coupling and audio-susceptibility index

of PCM controlled CI-SIDO buck converter is less compare to decoupled VMC and decoupled

ACC. Thus, it is concluded that PCM control is a promising control method for CI-SIDO buck

converter to suppress cross-regulation with improve dynamic performance.

7.7 Conclusion

In this chapter, a peak current mode (PCM) control is proposed for CI-SIDO buck converter

to minimize cross-regulation with improved dynamic performance. PCM controlled CI-SIDO

buck suffers from sub-harmonic oscillation problem when any one or both duty cycles are

greater than 0.5. Thus, to design slope-compensation and controller, the small-signal model of

PCM controlled CI-SIDO buck converter is analysed and simplified to obtain loop gain transfer

functions. By studying the stability of loop gain transfer functions, the design criteria of slope

compensation and controller is derived to prevent sub-harmonic oscillation and improve closed-

loop performance. Based on the design criteria, a design procedure for slope compensation

and controller is proposed and verified experimentally. The experimental results confirms that

PCM control suppresses the cross-regulation of CI-SIDO buck converter with improved dynamic

performance.
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8. Conclusion and Future Scope

8.1 Conclusion

Applications like electric vehicle, LED drivers, portable devices, etc., are moving towards

miniaturization. Its power management unit demands compactness, better efficiency, longer

battery life and regulated voltages. Coupled-inductor single input dual outputs (CI-SIDO) DC-

DC converter can be a better alternative to multiple DC-DC converters to meet these require-

ments. Using coupled inductor instead of multiple inductors can reduce the size and volume

of the converter while reducing ripple, increasing efficiency, and increasing transient response.

However, with its advantages, the CI-SIDO converter is affected by instability, cross-regulation

and cross-coupling problems. CI-SIDO converter can be classified into three categories based on

the output voltage level, i.e., CI-SIDO buck converter, CI-SDO boost converter, CI-SIDO boost

and buck converter. The CI-SIDO buck converter only provides buck outputs; the CI-SIDO

boost converter only provides boost outputs; the CI-SIDO boost and buck converter provides

both boost and buck outputs.

Unlike conventional basic DC-DC converters, the circuit operation and control of the CI-

SIDO converter are quite complex. A proper understanding of the converter steady-state and

dynamic behaviour needs an accurate small-signal model. A control technique also needs to

be adopted to independently regulate the output voltages with reduced cross-coupling and

cross-regulation effect.

This thesis presents the small-signal modelling of three topologies of CI-SIDO converter, i.e.,

CI-SIDO buck converter, CI-SIDO boost converter, CI-SIDO boost and buck converter using

the state-space averaging technique. The developed small-signal model can predict the steady-

state and dynamic performance of the converter accurately. From the model, it is observed

that mutual coupling doesn’t affect the CI-SIDO converter’s steady-state behaviour, i.e., the

CI-SIDO converters behave the same as that of SISO converters in steady-state. However,

the mutual coupling affects the CI-SIDO converter’s dynamic behaviour, i.e., due to coupling,

the CI-SIDO converter’s order becomes 4th order with extra complex zeros and additional

cross-coupling and cross-regulation transfer functions.
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The effect of coefficient of coupling k on the converter’s transfer functions is analyzed in

detail. The analysis shows that with the increase in the coefficient of coupling k, the pole and

zeros vary, and the converter has interlaced pole-zero distribution. With an interlaced pole-

zero distribution converter, the controller design is easy. However, it is observed that with the

increase in k, the complex zero moves to the right half-plane, which causes instability and also

experience multiple resonant peaks and may lead to conditional stability. Moreover, it is found

that with the increase in k, the cross-coupling and cross-regulation effect increases. Therefore,

to prevent RHP complex zero, conditional stability, and reduce cross-coupling, cross-regulation

effect, moderate coupling is preferred for CI-SIDO converter.

As mentioned CI-SIDO converter has the issue of cross-coupling, due to which indepen-

dent control of output voltages is challenging. Therefore, to independently control the output

voltages, a method of decoupling the cross-coupling problem in CI-SIDO buck converter under

voltage-mode control (VMC) and average current control (ACC) is proposed in this thesis. The

decoupling process allows the controller to be designed with high gain or high gain crossover

frequency. However, with high controller gain, the stability of the closed-loop system is af-

fected. Therefore, a design procedure for the controller is proposed considering decoupling and

stability criteria under both VMC and ACC. The presented decoupling method under VMC

and ACC is validated in both simulation and experiment. The results show that the proposed

decoupled method under VMC and ACC satisfactorily regulates and approximately decouples

the output voltages and reduces self and cross-regulations and audio-susceptibility.

To further reduce the cross-regulation effect, a peak current mode (PCM) control is intro-

duced for CI-SIDO converters. To design controller and slope compensation for PCM controlled

CI-SIDO converter, an accurate small-signal model of the system is needed. Therefore, a unified

small-signal model for PCM controlled CI-SIDO converter is developed, which can predict the

instability and dynamic performance of CI-SIDO converter under PCM control. The developed

unified model is validated in both simulation and experiment. Moreover, using the unified

small-signal model of PCM controlled CI-SIDO buck converter, the design procedure for slope-

compensation and controller is proposed and verified through simulation and experimental
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results. The experimental results reveal that PCM control suppresses the cross-regulation,

cross-coupling of the CISIDO buck converter with good dynamic performance.

8.2 Future Scope

The future possible direction of this research work which are worth to explore are given as

follows:

• This thesis has proposed the decoupled method under voltage-mode control and average

current mode control for CI-SIDO converters. The decoupled method is implemented

for the CI-SIDO buck converter, and it is observed that the decoupled plant transfer

function becomes the same as that of the simple buck converter. Thus, the outputs

of the CI-SIDO buck converter is regulated by proper designing Type-II compensators.

However, the decoupled method, when implemented for CI-SIDO boost converter, CI-

SIDO boost and buck converter, it is observed that the decoupled plant transfer function

becomes unstable non-minimum phase system. As a result, it is challenging to regulate

the converter using Type-II/III compensator. Therefore, further research on controller

design for unstable non-minimum phase system is required.

• This thesis has proposed the unified small-signal model of peak current mode controlled

CI-SIDO converters. The model is derived by assuming the peak inductor current equal

to the reference inductor current. This assumption is only valid when coupled inductor

parameters are chosen such that the inductor currents slopes mNF1 > 0, mNF2 < 0,

mFN1 < 0, mFN2 > 0. The developed unified model with the assumption shows a maxi-

mum of 5% error between the experimental and ideal analytical model results. Therefore,

further research on developing an accurate model for PCM controlled CI-SIDO converter

considering all possible inductor currents slopes patterns need to be developed to accu-

rately predict the system’s dynamic performance.

• This thesis has proposed the controller design procedure for PCM controlled CI-SIDO
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buck converter. Further research can be carried out on design of PCM control for CI-

SIDO boost converter, CI-SIDO boost and buck converter.

• In this thesis, analysis and small-signal model is developed for CI-SIDO buck converter,

CI-SIDO boost converter, CI-SIDO boost and buck converter. Further research can be

carried out on modelling, design and control of CI-SIDO buck-boost converter.

• In this thesis, control techniques are proposed for CI-SIDO converters. Further research

can be carried out on developing control techniques for coupled inductor single input

three output (CI-SITO) converters.
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A.1 PCB Design Layout of Converter Circuit

The hardware prototype of three topologies of CI-SIDO converter and its sensor circuit and

control circuit is developed to conduct the experimental required for the research work.

A.1.1 CI-SIDO Buck Converter

The schematic design and PCB design layout of CI-SIDO buck converter and its sensor

circuit is carried out in DESIGN SPARK PCB software. Figure A.1 shows the schematic

design of CI-SIDO buck converter circuit and its sensor circuit. Figure A.2 shows the PCB

design layout of CI-SIDO buck converter along with its sensor circuit. Figure A.3 shows the

prototype of CI-SIDO buck converter.

(a)

(b)

Figure A.1: Schematic design layout (a) CI-SIDO buck converter circuit (b) Sensor circuit
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A.1 PCB Design Layout of Converter Circuit

Figure A.2: PCB design layout of CI-SIDO buck converter along with sensor circuit

Figure A.3: Prototype of CI-SIDO buck converter

A.1.2 CI-SIDO Boost Converter

Figure A.4 shows the schematic design of CI-SIDO boost converter circuit and its sensor

circuit. Figure A.5 shows the PCB design layout of CI-SIDO boost converter along with sensor

circuit. Figure A.6 shows the prototype of CI-SIDO boost converter.

A.1.3 CI-SIDO Boost and Buck Converter

Figure A.7 shows the schematic design of CI-SIDO boost and buck converter circuit and its

sensor circuit. Figure A.8 shows the PCB design layout of CI-SIDO boost and buck converter

along with sensor circuit. Figure A.9 shows the prototype of CI-SIDO boost and buck converter.
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(a)

(b)

Figure A.4: Schematic design layout (a) CI-SIDO boost converter circuit (b) Sensor circuit

Figure A.5: PCB design layout of CI-SIDO boost converter along with sensor circuit
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A.1 PCB Design Layout of Converter Circuit

Figure A.6: Prototype of CI-SIDO boost converter

(a)

(b)

Figure A.7: Schematic design layout (a) CI-SIDO boost and buck converter circuit (b) Sensor circuit
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Figure A.8: PCB design layout of CI-SIDO boost and buck converter along with sensor circuit

Figure A.9: Prototype of CI-SIDO boost and buck converter

A.2 PCB Design Layout of Power Supply Circuit

Figure A.10 shows the schematic and PCB design layout of power supply circuit. Figure

A.11 shows the prototype of power supply circuit.

A.3 PCB Design Layout of Control Circuit

Figure A.12 shows the schematic and PCB design layout of peak current mode control

circuit. Figure A.13 shows the prototype of peak current mode control circuit.
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A.3 PCB Design Layout of Control Circuit

(a) (b)

Figure A.10: Schematic and PCB design layout of power supply circuit (a) Schematic design (b)
PCB design

Figure A.11: Prototype of power supply circuit prototype
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(a)

(b)

Figure A.12: Schematic and PCB design layout of peak current mode control circuit (a) Schematic
design (b) PCB design

Figure A.13: Prototype of peak current mode control
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