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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) de-de 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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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 . 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 (a) and Figure
u(b) show the block diagram of today’s EVs and portable devices, respectively. As illustrated
in Figure (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 (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.

USB Rain wiper
Bluetooth| GPS Application| | Display
i Modem Module Module processor LCD
DC-DC DC-DC caaln
Converter Converter

Iocod| [pend| [pend| [pend  [pepd=====

Battery DC-DC DC-DC I

Converter Converter
. =

CD Player DC Motor Battery

(a) (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
TH-2784 146102037




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 de-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 (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
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- VOn
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Vo2~ Von

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 [14H17] 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 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].
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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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1.2 Review of Single Input Multiple Output (SIMO) Converters
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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[l.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 [6§], 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 [I.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 [L.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
TH-2784 146102037




1.3 Motivation for the Thesis
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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:

e 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.

e [t 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.

e Peak current mode (PCM) control is a control scheme widely adapted for de-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-I1I1/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.
TH-2784_146102037
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1.5 Organization of the Thesis

1.5 Organization of the Thesis

The organization of the thesis is as follows:

e 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.

e 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.

e 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.

e 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.

e 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.

e 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
TH-2784_146102037
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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.

e 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) dec-dc converters. The inductors are inversely
coupled. Figure (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.

5, N A0 () > ")+ o

&n Srv m_’ZLZ(t) i(‘l(t) lm(l) * iLz(t)_p
2

= Y
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R,2Vvo (?) -

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 v;,, two power MOSFET’s (S71, St2), two diodes (Sp1, Spa), one coupled induc-

tor with coefficient of coupling k = \/%, two output capacitors C7, Csy, two load resistances

Ry, Ry and two output voltages vgi,vg2. The switches Sri, St and diodes Spi, Spo are used
to control the power flow from input to the outputs. The switches Sri, S7o are controlled by
the gate signals gr1, gro generated by pulse width modulation (PWM) and are turned on and

off at the switching frequency f; = 1/T, with the duty cycles D; and Dy. The output voltages
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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 (¢) Mode III (d) Mode IV

Vo1, Vg2 are regulated with the duty cycles dy, ds, 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
e Mode I: Both switches S71, S7o are ON and both diodes Spi, S7o are OFF.
e Mode II: Switch S7q is ON, Sps is OFF and diode Sp; is OFF, Spy is ON.
e Mode III: Both switches St1, Sto are OFF and both diodes Spi, Sto are ON.

e Mode IV: Switch Sty is ON, S is OFF and diode Spy is OFF, Spy is ON.
TH-2784 146102037
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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 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: D; > Dy, Case B: D; < D, and Case C: D; = D,. The waveforms of the
inductor currents and MOSFET gate signals are shown in Figure for continuous conduction
mode (CCM) operation.

Case A: D; > D,
In this case, the total switching time Tyg is divided into three switching interval. For the first
switching interval DTy, both switches Sti, Sto are ON, both diodes Spi, Sps are OFF, the
converter operate in Mode I and the power is provided to both outputs vg1, vge from v;,. For
the second switching interval (D — D3)Ty, only one switch is ON i.e., switch Sz is ON and Sty
is turned OFF, the converter operate in Mode II and the inductor current i;; provides power
to vp1 from v;,, inductor current iy, freewheels through diode Spo, and provides power to vgs.
For the last switching interval (1 — D;)T%, both the switches are OFF, both diodes are ON, the
converter operate in Mode IIT and the inductor currents freewheels through diodes Spi, Sps

and provides power to vg1, Vgsa.
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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: D < D,
In this case, the total switching period Ts is divided into three switching intervals. For the
first switching interval DTy, both switches Sti, St are ON, both diodes Spi, Sps are OFF,
converter operate in Mode I and the power is provided to both outputs vy, vg2. For the second
switching interval (Dy—Dq)T5, switch Spg is ON and Sty is turned OFF, the converter operate in
Mode IV and the inductor current iy, freewheels through diode Spq, provides power to vg; and
inductor current iz provides power to vgy from vy,. For the last switching interval (1 — D;)T,
both the switches are OFF, converter operate in Mode III and the inductor currents freewheels
through diodes Sp1, Sp2 and provides power to v, vos2.

Thus, in this case the converter operates in Mode I-Mode IV-Mode III.
Case C: D, =D,
The gate signal of both switches are equal in this case. Thus, the total switching period T is
divided into two switching intervals. For the first interval DyT;, both switches Sp 1, S7o are ON,
both diodes Sp1, Spe are OFF, the converter operate in Mode I and the power is provided to
both outputs vy, voe. For the second interval (1 — D;)Ty, both the switches are OFF, converter
operate in Mode III and the inductor currents freewheels through diodes Sp1, Sps and provides

power to vg1,vge. Thus, in this case the converter operates in Mode I-Mode II1I.
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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

vra(t) = leiL—l(t) s MdiL_Q(t)

digs(t dig(t '
ULQ(t) = L2 [(;t( ) e M [C/llt( )

where, L, Lo are the self-inductance of each winding and M is the mutual inductance. The
mutual inductance is M = k+/L, Ly, where k is the coefficient of coupling.
The expression in ([2.1)) can be rearranged as

, dig (t) M

L = t — t
T vra(t) + LQU”( ) 02)
s dipo(t M ’
L2 Ldgt( ) = 'ULQ(t) + L—I'ULl(t)

where, L] = Ly(1 — k?), L, = Ly(1 — k?).
Equation (22.2)) 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 (D; > D) and

the steady-state equation remains same for all cases.

2.4.1 Steady-state Analysis of CI-SIDO Buck Converter

For Case A D; > Ds, the converter operates in three mode of operation, i.e., Mode I for
D, T interval, Mode 11 for (D — Dy)T interval, Mode III for (1 — D;)Ty 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:

DoTys (D1—D2)Ts (1-D1)Ts
vra(t) = vin(t) — vou(t) vra(t) = vin(t) — vor(t) v (t) = —voi(t)
vLa(t) = vin(t) — vo2(t) vra(t) = —vo2(?) vra(t) = —voa(t) (2.3)
ic1(t) = i1 (t) — i (t) ’ ic1(t) = ip1(t) —ip1(t) 7 ic1(t) = ip1(t) — o1 (t)
ic2(t) = ira(t) — ioa(t) ica(t) = ira(t) — ioa(t) ica2(t) = ira(t) — do2(t)

By assuming large Cy and Cy, vo1(t) = Vo1, voe(t) = Voo, t01(t) = ig1 and ige(t) ~ Ipz where,
Vo1, Voo, Io1, Iop2 are the corresponding DC values. By applying inductor volt-sec balance

equation which is given by

Ts Ts

1 1

- / (it =0, o / via(t)dt = 0 (2.4)
0 0

Solving the above equation, the output voltages are given by
Voo =D1Vin Vo2 = DoV, (2.5)

By applying charge balance equation which is given by

Ts Ts
| , 1 ,
i /ZCl(t)dt =0 s i /ch(t)dt =0 (26)
0 0
Solving we get,
I = 1o Ire = In2 (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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For intervals:

DsTs (lejl?z)Ts (1*31)Ts
Vi1 (t) = ’Um(t) Vi1 (t) = 'U,m(t> Vi1 (t) = Uln(t) — Vo1 (t)
vra(t) = vin(t) vra(t) = vin(t) — voa(t) vr2(t) = vin(t) — voa(t) (2.8)
7:01 (t) = —i01 (t) ZCl(t) = —101(t) ZCl(t) = iLl (t) — 201(t>
ch(t> — —202<t) Zog(t) = ZLQ(t) - ZQQ(t) ch(t) = ZLQ(t) - Zog(t>

By assuming, vo;(t) &= Vo1, voa(t) = Vog, t01(t) = 01 and ig(t) &= Ipe where, Vo1, Voo, Io1, lo2
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

Vin Vi Lo Loo
=0 7 [ 1 _ i D,

(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 and are written as:

For intervals:

) DT, ) (D1=Da)T. et (1-DyT, g
v (t) = vin (8) via(t) = vin(8) i (t) = vin () — vou (£)

vr2(t) = vin(t) — vo2(t) vr2(t) = —vo2(?) vLa(t) = —voo(t) (2.10)
i) = —in(t) i) = —ia(t)  den(t) = in(t) — i (t)
ico(t) = ip1(t) — do2(t) ic2(t) = ip2(t) —ioa(t) ico(t) = ipa(t) — i0a(t)

By assuming, vo1(t) = Vo1, voz(t) = Vo2, t01(t) =~ do1 and in2(t) = Ioz where, Voi, Voz, Io1, In2
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

Vi Ioy

Vor = Vie = DoVin . Iy = ,
01 1_D17 02 2 L1 1—D1

Is = I (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 D; > D,. 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 T;. That means
converter operates in Mode I (both switches ON) during dyT interval, Mode II (one switch
OFF) during (d; — dq)T interval and Mode III (both switch OFF) during (1 — d)7} 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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x(t) 1

x(0)

4T ar 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:

x(t) = A1x(t) + Byu(t)
Mode I (0 < t < dyT5%) :

y(t) = Cix(t) + Dyu(t)

() = Apx(t) + Bou(?)
Mode II (dQTS <t < les) :
y(t) = CQX(t) + DQU(t)

x(t) = A3x(t) + Bsu(t)
Mode IIT (diTs < t < T) :

y(t) = Csx(t) + Dsu(t)

where,
A;, B;, C;, D; denote the state-space matrices for i state of the converter, x(¢) denotes state
variable vector, u(t) denotes input variable vector, y(¢) denotes output variable vector, and
i = {1,2,3}. The vector representation of the state variable, input variable, and output vector
are x(t) = [ir1(t) vor(t) ira(t) vea(t)]", u(t) = [vin(t) dor(t) d02(8)]", y(t) = [vor (t) voa ()]
The averaged state-space equation for the entire switching period 75 is obtained by averaging

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

x = Ax+ Bu
(2.12)

y = Cx + Du

where,
A =Aidy+ As(dy — do) + As(1 — dy)

B = BldQ + B2(d1 - d2) + B3(1 - d1>
TH-2784_146102037
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2.5 Small-signal Modelling of CI-SIDO Converters

C =Cidy + Cy(dy —dy) + C3(1 — dy)
D = Dydy + Dy(dy — dy) + D3(1 — dy)
Equation 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
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+x y=Y+Yy u=U-+nu dlle—FdAl dQZDQ‘I’CZQ

where X, Y, U, D;, D, are the nominal DC values of x, y, u, di, d» and X, §, 0, di, d>
are the perturbation in X, Y, U, Dy, D,.
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 =Ady+ Ay(dy — dy) + As(1 — dy)
= A Dy + Ay(Dy — Do) + Ag(1 — Dy) + (A — Ay)dsy + (Ay — Ay)dy
= Au + (A — Ay)dy + (Ay — Ay)d,

B = Bdy + By(d; — do) + B3(1 — dy)
= B D, + Bo(Dy — Ds) + Bs(1 — Dy) + (By — By)ds + (B, — By)d,
= B,, + (B; — By)dy + (By — By)d,

C = Cydy + Cy(dy — dy) + C3(1 — dy)
= C1 Dy + Cy(Dy — Dy) + C3(1 — Dy) + (Cy — Ca)dy + (Cy — C3)dy

= Ca'u + (Cl - CQ)J\Q + (CQ - Cg)(il
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D = D;d; 4+ Dy(dy — dy) + D3(1 — dy)
=D, Dy + Dy(Dy — Dy) +Ds(1 — Dy) + (D — Dy)ds + (D — D3)d;

= D,, + (D; — Dy)d; + (Dy — Ds)d;

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

( X a A~
WX — Ay + (Ar — As)dy + (A — Ag)d)][X + %]

+[Bay + (B; — By)d; + (By — By)dy][U + 1

- K (2.13)
Y+y = [Cu+(Ci—Cy)ds+ (Cy — C3)dy|[X + X]

+[Day + (Dy — Dy)dy + (Dy — D3)dy][U + 1

\

The derivation of constant is zero, the above expression can be written as:

.
dx

% — AWX 4+ Bo U+ Ayk + Bo, i+ (A — Ag)ds + (Ay — Ay)di|X
+[(B; — By)dy + (By — B3)dy]U + [(A; — As)dy + (Ay — Ay)dyJ%
+[(By — By)dy(t) + (By — Bs)dyJ A A 210
Y+y = CuX+Dy,U+Cux+D,tu+[(C; — Cy)ds + (Cy — C3)dh]X
+[(Dy = Dy)dy + (Dy — D3)d4]U + [(C; — Cy)dy + (Cy — Cs)d]x
+[(D; — Dy)dy + (Dy — D3)dy|a

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

can be written as:

Iy = Aux+B,u+[(A — A)X + (B; — By)UJds
; 0=A,X+B,U +[(Ay — A3)X + (B, — By)U]d,
C ac
Y =C,X+D,U ¥ = CuXx+ D, u+[(C,— Cy)X + (D; — D,)U]d,
\ +[(Cy — C3)X + (D, — D3)UJd,
(2.15)
The solution of DC part is given as:
X=-AB,U Y= (-C,A_'B, +D,)U (2.16)

Equation (2.16)) is based on the average state-space matrices, which is derived by assuming
TH-2784 146102037
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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:

(

sX(s) = AgoX(s) + Bayti(s) + [(A; — Ap)X + (B; — By)UJds(s)
+[(A2 — A3)X + (B2 — B;)Uld(s) A (2.17)
Y(5) = CauX(s) + Dyyta(s) + [(C1 — C)X + (Dy — Dy)U]dy(s)
\ +[(Cy — C5)X + (Dy — D3)UJdy(s)

resulting in

X(s) = (sI — Agy) 'Baoti(s) 4 (sI — Agy) (A1 — Ap)X + (B; — By)UJdy(s)

+ (sI — Agy) Y [(Ay — Ag)X + (B, — B3)Uldy(s) (2.18)

Y(5) = [Can(sI — Agy) 'Bay + Doyta(s) + Cop(sT — Agy) H[(A; — A)X + (By — By)UJda(s)
+ Cop(sI — Ayy) '[(Ay — A3)X + (By — B3)UJdy(s)

+[(C1 = C2)X + (D; — Dy)UJda(s) + [(C2 — C3)X + (D, — D3)Uldy (s) (2.19)

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

(2.18) by considering d; = dy = 0 and is given by
X(s) = (sI — Agy) 'Byg,ii(s) (2.20)

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

considering 1 = 0 and is given by

X(s) = (sI — Ag) " V[(A1 — Ag)X + (By — By)U]dy(s)
(2.21)

+(sT— Ag) (A — Ag)X + (By — B3)UJd, (s)

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

(2.19) by considering d; = dy = 0 and is given by

V(5) = [Cau(sI — Agu) "' Bay + Dy, 0 2.9
TH-2784_146102037 ¥(s) = [Cau(s )'Buy + Da,Ju(s) (2.22)
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S —Vm(l‘; + o iLl(t)
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G TVCZ (t) O G T va (f)

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 i = 0 and is given by

V(5) = {Cau(sI — Ag) (A — Ag)X 4 (B; — By)U] + (C; — C3)X + (D; — D,)U}dy(s)

+{Cau(sI — Ayy) ' [(Az — A3)X + (By — B3)U] + (Cy — C3)X + (D, — D3)Uldi(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 shows the circuit diagram of CI-SIDO buck converter considering ESR of capac-

itors 7.1, reo.
2.5.1.1 State-space Equations

Considering Case A (D; > D), 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: (d2T; interval)
In this switching interval, both the switches are turned ON. The equivalent circuit for this

interval is shown in Figure Applying KVL to the inductor and capacitor loops in the
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S O 0

p— . } .
ST2 Mm _»l'“ (f) Icy (f)
= + v (t) e (1) + r R3W 0
Vi (£) rs R 3Vel(t) . ~ G)im ®
o2 (2
(0 —IV‘j;z(t) (91 ( ) G Tv(fl(t)

Figure 2.8: Mode I circuit configuration of CI-SIDO buck converter

equivalent circuit of dyT interval gives:

Ly250 — v, (1) = rlina(t) = r{ven () + rarlion(©) + £ win(t) = 73ia(t) = rivca(t) + raryioa (1)
G = rfip (1) — 25 — i (1)
220 — gy — rhira(t) — Tyveaq) + rearyioe(t) + 2 (Vi — ryizi(t) — 1 ver(t) + raryio(t))
Co 2D — 15 (1) — 262 — iy (1)
(2.24)
Vo1 (t) = TclrllliLl (t) - TClUCl(t) - TClT/l/iOl(t) (225)
V02(t) = raryiza(t) — revos(t) — rearyie(t)
where, T/1 — Rira " _Rore M ;1 .

Rit+re1? "2 7 Rotree’ 17 Ritra? '2 7 Rotren’
leading to state-space equation of the dy7T interval:

dx(t)

== = Arx(t) + Biu()

y(t) = Cix(t) + Dyu(?)

— ’ " M/ M//- -(1+M) " M 71 =
—ry —ry —Mry, —Mr, Loy Telly T2l
L) L Lol LoL) L) L) LoL)
17 " "
N b 0 0 0 N 0
Cl 01R1 CVl
Al = / 7" ’ 7 Bl = (1+M) ” 7
—Mr, —Mr, —Ty —Ty I Mreiry Tc2Ty
LiLy  LiLy L L, L LiLy L
" 1" "
T2 o —2
L 0 0 Ca C2R> | | 0 0 Cy
1" 1 1"
Tamy T 0 0 0 —rar 0
Cl - 1 14 1 - 1
0 0 7rery 1y 0 0 —Tealy
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Sm _v“(lg + _}l.u(t)

M— . ici (t)* +
— () L
== + Vi (t) — e (¢ | + Iz R1::V01( )
Vin (t) 1) Rz 3 Vo2 (t) _ G)i(“ (t)
S + - ¥) i (2)
C, TVCZ (f) (> G —" Vei (I)

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

Mode II: (d; — d3)T; interval

In this switching interval, only one switch S; is turned ON and the other switch St 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 (d; — ds)T} interval gives:

L diLdlt(t) — Vin(t) — rin1(t) — 7 ver (t) 4 ey o (t) + %(—r;im(t) — ravc2(t) + rearyioa(t))
e = gy () — 22 il (1)
LyBeat) — o (8) = ryvea(t) + reryion(t) + M (win(t) — i1 (t) — ryvea () + rearyion (t))
Cy d%;(t) = rgim(t) Y %j(ﬂ - r;iog(t)
(2.26)
Vo1 (t) = raryipi (t) — raver(t) — raryion(t
(t) 1ir1(t) (t) 1201 (t) (2.27)
voa(t) = rearyira(t) — reavea(t) — rearaioa(t)

leading to state-space equation of the (d; — dg)Ty interval:

dx(t)
7 = AQX(t) + BQU(t) y(t) = CQX(t) -+ DQU(t)
i —7‘/1 —7‘;/ —Mr/2 —Mrg_ i 1 rclrlll Mrcgrg—
L L Lol LoL) L) L LoL)
1" 12 1"
I " _nn
A ol ol 0 0 B. _ 0 c 0
2 / 7" i " 2 — " 7
—Mr; —Mr, —Ty —Ty M Mreiry Te2Ty
Ly,  LiL, L, L, Ly,  LiL L,
1" 1 1"
Ty T2 _Is
L 0 0 Ca CaRo | L 0 0 Cy |
17 1" "
rar; T 0 0 0 Te1ly 0
C2 - 1 " 2 - 1
0 0 7reary Ty 0 0 —TcaTy
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. f N
_A/ILZNTY.\ >l ®) i1 ()
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5 g Ri3wn() -~ Mt
Spa DI . ) G) i (1) +
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Figure 2.10: Mode III circuit configuration of CI-SIDO buck converter

Mode III: (1 — dy)7s 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 — dy)T; interval gives:

Llldzzl—lt(t) =3 —TlliLl (t) — 7“/1/1}01 (t) = 7"017"/1/2.01 (t) aF %(—T;ZLQ(t) — T‘;’ch(t) + Tcgrgiog(t>)
C del(t) - T,/iL . ’r‘lll’vcl . 7,”?:
ldA g Sy @y (2.28)
LQZLd—Qt(t) = —TQiLg(t) — Tzvcz(t) + T'ealy iog(t) e LMI(—rlz'Ll (t) — T Vc1 (t) -+ Te1Tq i01 (t))
Cy2e2® — 1y (1) — 2220 — 7oy (t)
Vo1 (t) = raaryip (t) — raver(t) — rariion(t
(0= rar{ina(t) = raveu(®) = rarin (1) 220

Vo2(t) = Terryira(t) — Teavea(t) — reryios(t)

leading to state-space equation of the (1 — d;)7} interval:

dx(t)
7 = A3X(t) + B3u(t) y(t) = CgX(t) + D3U(t)
i frll 71"/1/ 7Mr; er;/ ] _O rclr;, Mrcgr;, ]
L L, Lol LoL) L LoL)
1 14 1
n "1 _n
An o iR 0 0 B 0 o 0
3 — ’ 7 / " 3 — "
—Mr, —Mr; —Ty —Ty Mreiry TeaTy
LiLy, L1l L, L, L1L, L,
1 17 "
T —T2 Ty
L 0 0 Co CoRy | _O 0 Cy |
17 " 1"
Ty T4 0 0 0 —rar 0
C3 - 1" 12 D3 - 12
0 0 7reary 1y 0 0 T2y
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Converters

2.5.1.2 Average State-space Equation

Now the averaged state-space equation is written as

d
d—)tc:AX—t—Bu y = Cx + Du

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

_ . _ o _
—7"/1 —'r/l/ —M'r; —Mr;/ d1+f2d2 'rcl'rlll M'rcg'r;l
L) H, Lol LoL| L L) LoL)
1" 1" 1"
I " e i3
A— o Oilt 0 0 B_ 0 o 0
- / " ’ " - d +Md " "
—Mnr, —Mr, 7o —Ty 2T, 91 Mreiry Tc2Ty
LWLy IiL) L, L, 4 1L B
1 11 1"
T2 2 _n
0 0 Co C2R> | L 0 0 Cy
12 " 1"
TeaTy Ty 0 0 0 —rar 0
C = D=
14 1" 1"
0 0 rery 7 0 0 —Tealy

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

%(s) = (sI — Ag) 'Bgpti(s)

which is expressed as

r - r / 7 " rD +MD " 11
i ( ) S + I - Mr, Mr, 1T, 2 Te1Ty Mreary
trils L L Lol Lol L L LoL N
" " " Uin(S)
N —Ty Ty T
Uo1(s) B c s+ a 0 0 0 & 0 : (5
- M
P O L T A DD atrarl  rerl | |
L2 L1L) L1L) L) L L, L1L] L, 5
" " " 202(3)
0 —T2 T2 _Iy
Oca(s)| | 0O 0 o Staml |0 0 =z
(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 ig; = ig2; = 0 we obtain the input voltage to inductor currents transfer

functions as

i (54 3) (S2(LaDy + DaM) + s(ryDy + BReEDM) o D)

Gy = 2L — C2(Ra+1c2) Ca

" f)m LIILQ Dnbu(s) (2 31)
oo i (s+2) (8(LiDy+ DiM) + s(ry Dy + G2FEE) + Darur}

92 = Oin L L, Dy (s)

where,

1" / " / ’ " ! mnon

. : ! 7 Rory  Rir,  rori Ly rr L roT

Dy, (s) = s 37"_%7"_37"_17”_2 27’17”2/ 2" 1 21ty | Tl 2T
m(s) =s St ettt e ntan T o O ey

s 17y Ry o rori Ry (L1Ry + LoRy)r| Ty N RiRyrr,

L1L1202 L2L'101 L1L120102 L]_LIQC]_OQ

Load currents to inductor currents transfer functions: By solving first and third line of (2.30))
and making the v;, = 0 we obtain the load currents to inductor currents transfer functions as

1
Rary

H = %Ll . 7“/1(8 + Tcllcl) (82 + S<£_22 + 2’_22> + L26'2>
Wl = 5 = ;

01 L Dy (s) (2.32)

A ’ / 1 R r// .
g i _ Tt e) (P Hs(E ) £ 1)
e %02 le Dny,, S)
Hijo = Eﬂ = MT,? s(s + R1101)(8 ™ rcglCz)
iog L1L2 Dnbu(s) (2 33)
Hiol ™= Zﬁ = Mr/l S(S + RQICz)(S + rc1101)
"8 b | L Dng(s)

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 A; = Ay = A3, (2.21)) becomes as

%(s) = (s1 = Aw) ™" ([(B1 = B2)Ulda(s) + [(Bs — By)Uldi (s))

—> X(s) = (sT — Ag) ™" [(B1 - B,)U (B, — Bg)U}

TH-2784_146102037

31



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

and is expressed as

r A r / " !/ " =
in(s) s+ I3 23 MViy Vi
n L L Lol Lo L, L
" 1"
~ —r r A
Ve1(s) - St a 0 0 0 0 dy(s)
. 1 CiR: (2.34)
- / " / " .
2 Mr), Mr; Ty Ty \% MV; 7
tra(s) L1L), L L] T A A di(s)
" "
3 xT2 T2
Oc2(s)| | 0 0 7 tok| |0 0 |

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

F3 7 7"l T Ror
in _ Vi, 8@ +3)+ 58
Giann = J = 7(5 + 5) Dy (s)
o 1 e (2.35)
G = 22 = Vingo g 1) T ) T ag)
& dQ L/2 02 Dnbu S)
Cross-coupling transfer functions between inductor current and duty cycles are
i MV, s(s+ &) (s + & i MV, s(s+ #)(s + &
Giaa1 = t2_ (& gt 02)7 Giaiz = s btd)ste) (2.36)

d,  LiLs Dnyy(s) d, LiLy Dny,(8)
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

¥(s) = (Cav(sI = Auy) "'Bay + Dy,) 0(s)
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which is expressed as

eh 4 m mg
L L LoL, LoL,
1" 1"
A~ 1" 1" —7r r
Vo1(s) _|rary e 00 o Star 0 0
- / " / "
~ " " Mry Mry Ty Ty
(¥ S TeoT T S - -
02( ) 0 0 c2’ 9 2 L1L/2 L1L/2 + /2 L/2
1" 1"
0 0 = s+ =2
L Co C2Rz
5 ) (2.37)
1T, -2 Te1Ty Mreary
L L Lyl .
! Y ! Vin(8)
r A in
0 —+ 0 0 —rar 0
4 + 1 in(s)
M 1 S
D2+L71D1 MTcl’I‘/l/ Tcgrg 1 01
7 7 7 0 0 —T2ly
L LiL L .
o i02(5)
2
B 0 0 Cy |

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 to1 =

i02 = 0 and is given by:

! ’ DiRory
iy _ Al ) ((EaDy + DaM) 4 o031 + BEED) ¢ P
vgl — X = 7
in L,L Dy,
D 112 N (5) . 2.38)
o dw _ (st i) (" (D + DiM) +s(rDa + GoATLT) + 5 ™)
vg2 @in Ly Ll2 Dnbu (S)

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 0;, = 0 and are given as follows

Self-regulation transfer functions:

Zvill

Zvi22 =

TH-2784_146102037

Vo1

201

Vo1

202

T/ r// R r/
s+ 1 )(32+s(L—%2+C—22)+L§C22)
= —r5(s
raC Dny, (s
11 o (,,> o (2.39)
2 T T

e D )

2 r.0CY Drnyy(s)
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Cross-regulation transfer functions:

Z. = Uot — Mrérll S(S + Tc1101>(8 + Tczlc'z)
vil2 — %

102 B LllLQ Dnbu(8) (2 40)
yAr— @ — MT/lTIQ 8(8 + 7"c2102)(s ™ Tcllcl)
0521 zOI LlLIQ Dnbu<s)

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 . In CI-SIDO buck converter A; = A, = A3, C; = Cy = Cg,
D; = D, = D3, and thus becomes

A

Y(5) = (Cau(sI — Agy) ™ [(B1 — B2)U])da(s) + (Can(sI — Auy) ' [(B2 — B3)Ul)di(s)

~ dz(s)
—1
e Y(S) = Cav(SI - A-a/u) (Bl — BQ)U (B2 - BS)U A~
di(s)
and is expressed as
r /! " / " - -1
s -+ T Ty Mr2 Mr2
L) il LoL] LoL]
1" 1"
A 1" 1" —_r r
Vo1(8) Taly T 0 0 o St ok 0 0
= X
/7 " ! "
~ " " Mry Mry Ty Ty
Voz(s) 0 0 7reary 7 A L] 5+ 74 74
1 17
) L)
i 0 0 o s+ &l (2.41)
MVin, Vin
L1L2(1—k2) Ll(l—k‘z)
0 0 dQ(S)
Vvin MV;TL 7
Io(1-K2)  LiLa(1-K2) dy(s)
0 0

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

o ’ 7‘/ - R ,
Gd11=@:%"T1<8+ 1 (32+5(L—22+C—2)+L§C22)
v 7 L Te C Dn, (s
dy 1 101 / b //) o 2.4)
G = 2 = Vit L7 T e ¥ )
dy Ly Te2C Dniga(s)
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l.u(t)_’_‘_vu(t;):l . Soi
in(t)> 7 - M £Dz ia()y +
2 =T == <:
L v ovn(t)- i () i + CT RZva (z)@ in(0)

St CZT R, Voz(t) i02(t) —

Vi (1) gTzJTS” 8n

Figure 2.11: Circuit diagram of CI-SIDO boost converter

Cross-coupling transfer functions:

Graor = @ = M‘/;nré s+ TC2102>(S 4 rc_ll) (2.43)
Y d Ly L, Dny,(s)
U M mn , S(s + 7 y S + =
Guai2 = LU Vinr ¥ 20+ &) (2.44)

do S, Dy, (s)
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 (D; > Dy), 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: d,T, interval
The equivalent circuit for this interval is shown in Figure 2.12] Applying KVL and KCL in the

equivalent circuit of dyT; interval gives:

I/ dipa(t) _ ’Um(t) + LMQUin(t)

17 at

GRS = TR () (2.45)
Ly — oy, (#) + Moy, (2) |
Cp 2t — =20 (1)

leading to state-space equation of the dyT interval:

f%?:Am@+Bm@ . y(t) = Cix(t) + Dyu(t)
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@ "0

iLz(t)_> " M i(‘l (t)" +

i(iz (t) + ' Cl T REE Voi (I)G) iol (l)
Sta S CZT R.SVn (t) loa (t) -

|
I+

Figure 2.12: Mode I circuit configuration of CI-SIDO boost converter

iLl(I)—> —vul(t) +
i (1) » PO M 1 Spa iCl(t)‘{ *
L+ veO- ie2 ()Y + e REm(r)@ n(0)
Vi (2) Sn G R3 v (?) o (¢) _

Figure 2.13: Mode II circuit configuration of CI-SIDO boost converter

00 0 0 (1+%) 0 0
—=L 0 0 0 -1 90 0100 000
A1 = ClRl B1 = Cl Cl = D1 —
0 0 0 0 LL,(1+LM1) 0 0 0001 000
0 0 0—0;}%2_ I 0 0 —c%_

Mode II: (d; — d3)Ts interval
The equivalent circuit for this interval is shown in Figure [2.13] Applying KVL and KCL in the

equivalent circuit of (dy — dy)Ty interval gives:

I dz‘Ldlt(t) = v (t) + LMZ(UW(t) — v2(?))

dv, v »
Cy 2l — 10 oy (1) 210
Ly %20 — 4, (t) — voa(t) + Lo (1)

Co2e2lh — iy () — 22l — gy (1)

leading to state-space equation of the (d; — dy)T} interval:

d};—gf) = Axx(t) + Bau(t) y(t) = Cox(t) + Dyu(®)
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Vi, ()

iLZ (t)—> WL ;

2

(> "0

SD]

M

Sp:

% + V]_z(t)_

iz (1)

+

ici (t)

ioz (t )

+

CT RSwlt i

Sri CZT R, Voz(t) -

Figure 2.14: Mode III circuit configuration of CI-SIDO boost converter

— M 1 M
0.0 0 &7 L—,1(1+L—2) 0 0
31k ) 49 0 —-L 9 0100 000
A,=| 9h | Be= | y @ C, = )=
0 0 O L—,2 L_/2(1+L_1> 0 0 0001 000
0 0 & aml |0 0 —5

Mode III: (1 — d;)T; interval
The equivalent circuit for this interval is shown in Figure Applying KVL and KCL in the

equivalent circuit of (1 — dy)7} interval gives:

L85 - ol,(0) a <vm<t> ~ vee(?)
C dv01(t) t — 701 (2
d‘ a(t) = o1(t) (2.47)
L2 ZLth( ) il £ Uzn( ) = UOZ(t) (vzn(t) — Vo1 (t))
C, dvo2(t = ia(t) — 1102 — iga(t)
leading to state-space equation of the (1 — d;)7Ty interval:
dx(t
% Asx(t) + Bsu(t) y(t) = Csx(t) + Dyu(t)
- , M T B 1 M i
o T 0 gm0 0
1 =L 9 0 o 0
AS _ o om B3 _ C1 C3 = Cl D3 = D1
M -1 L M
L 0 0 012 0;1132_ L 0 0 _CLQ_
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Converters

2.5.2.2 Average State-space Equation

Now the averaged state-space equation is written as

d
—X:Ax+Bu y = Cx + Du

dt

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

I ) B PR
~gi 0 0 B 0
A 0 GACRE
0 y o | 0
B 0100 B 0 0O
- 0001 - 000

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

which is expressed as

TH-2784_146102037

] [ s
Vo1 (s) B —%
i12(s) 0
| Oca(s) | 0

X(s) = (sI — Ag,) 'Bg,t(s)

(1—D1) 0
Ly
1
stom !
M(1—Ds) s
LiLy
1-Dy
0 &

0
Din(s)
01 1.
igl(S)
. ng(S)
-
(2.48)
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2.5 Small-signal Modelling of CI-SIDO Converters

Input voltage to inductor currents transfer functions: By solving the first and third line of
[2.48) and making the ig; = ig = 0, we obtain the input voltage to inductor currents transfer

functions as

A_ 1-D)2 | M
tr1 1 (s+ Rllcl)(s2 + R;cz + (LQCZQ) + L_2(82 + R;cg»

it = 22 — —
gl Am Ll D?’Lbo(S) (2 49)
~ s 1-D1)? S '
G _ Zﬂ r i<s + R;Cg)(82 + R1Cy . (L101) + LM1(52 + Rlcl>>
192 @m L/Q Dnbo(s)
where,
1 1 (1-D)? (1—D,)? 1
Dny, : : : ; ?
Ny (S) s+ (Rlcl + RQCQ)S +( Llcl + L2C2 b RlRQC’ng)S
+( (1—D;)? (1 — D)2 s (1 —D1)%(1 — D,)?
LIIC]_RQCQ L'QC’QRlCl L,ILQC]_CQ

Load currents to Inductor currents transfer functions: By solving the first and third line of
(2.48) and making the v;, = 0, we obtain the load currents to inductor currents transfer

functions and are given by

Hml:?ﬂ: 1_,D1(82+ﬁ+%)
101 L,Cy Dnpo(s)
Hii22:£;£: 1_,D2($2+ﬁ+%)
e LyCh Drgo(s) (2.50)
Hij1o = %ﬂ = M _ D) s+ Rllcl)
- LyL1Cy Dnyo(s)
i M(1 - D) s(s+ 321(12)
Hiign = = =

101 LILIQCI Dnb(?(s)
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 B; = B, = B, (2.21]) becomes as

%(s) = (s1 = Aw) ™" ([(A1 = A2)X]do(5) + [(Az — Ag)X]d(5))

— X(5) = (s — Agy) " {(A1 —A)X (Ay— Ag)x}
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and is expressed as

-4 -1 - -

ia(s) 5 (1;?1) 0 M(le;?g) LQLJ>14(‘1/Z:LD2) L] (‘1/1D2)

do1(s) |- 2 s+ gm0 0 0 m da (s)
i22(s) 0 M(Lll;Lfl) 5 % L;(‘1/1D2) LILZJ(YTDI) dy(s)
602(8) 0 0 - 18?2 s+ Clez_ _RQC;(‘I/TDQ)Q 0 J

- (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

i 2 1 (1-D2)?
Gigin = g = Vi (s + Rlcl)(82 t et chi ) (2.52)
dy Ly(1—Dy) Dnyo(s)
i 2 1 (1—Dy)?
G‘d22 = Zg = ‘/Z (S * R2C2)(S2 - R1C1 + L1Cl1 ) (253)
Gy = 21 = MV 36+ 7)> + i) (250
i ds LyLy (1 — Dy) Dy (s)
Gido1 = %2 = MV; s(s + R2102)(8 ™ ﬁ) (2.55)
[ dl LlLIQ(l — Dl) Dnbo(s)

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

which is expressed as

I s (1=D1) 0 M(1-Ds) '(H%) 0 0 T
" Fel = Vin(S)
INE) 010 0 |2 s+ 0 0 o = ol "
Vo1($S _ o s+ anm - )
. M(1-Dy) (1—D») (1+41) i01(s)
UOQ(S) 00 01 0 T S T o 0 0 A
1Lo 2 9 202(3)
0 0 —1=Dy 3+_1 0 0 -1
L Cs C2Ra L Cs |
(2.56)
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2.5 Small-signal Modelling of CI-SIDO Converters

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 ig; = g = 0 and is

given by:
~ s 1—D5)? s
G :@: 1-D (82+chz + (L2022) +LM2(82+R202>>
vyl f)m L’lCl Dnbo(s) (2 57)
= s 1—D4)? s )
o _ %2 _1-Ds (5" + mer + (Llcll) + 4+ 7m7)
Y% P L.Ca D (s)

Load current to output voltage (Load Regulation) transfer functions: The load currents to
output transfer functions are found by solving (2.56)), making the ¢;, = 0 and is given by:

Self-regulation transfer functions:

2 s (1-Dy)?
7 iy —sS e T e )
vill = 5 = 5
in Ci Do (s) (2.58)
A (2 + o + U222 |
ot _ =8t me + TG
Cross-regulation transfer function:
7 _1701 . M(l—Dl)(l—Dg) S
vil2 = T = ;
i02 Lngc’lCQ DnbO(S) (2 59)
7 _,002 _ M(]_—Dl)(l—Dg) S )
vi2l = 7 = 7
7:01 L1L20102 Dnbo(s)

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 . In CI-SIDO boost B; = By = B3, C; = C;, = C3, D; = Dy = D3,
becomes

~

S’(S) = (Cav(SI - Aav)_l[(Al - AQ)XDd2<3) + (Cav(SI - Aav)_l[(A2 - A3)X])dl (3)

= }A’(S) = Cav(SI - Aav>_1 (Al — AQ)X (Ag — Ag)X
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and is expressed as

(1-D1) M(1-Ds)
i L 0 LoL)
)| o oo | s 0 0 |
Uo2($) 0 0 01 0 M(Lll;Ll’;l) s (1;2)2)
1—D: 1
i 0 0 = 022 S+ & 2.60)
[ MViy, Vin ]
LyLy(1—Ds) L (1-Dy)
*szn 7
0 oo | | d2(s)
Vin MVip 9
Ly(1-Dy) Ly Ly(1-Dy) di(s)
_RQCQ(].—DQ)Q i

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

output voltages transfer functions as

2 s (1—D)? —Lys M2(1—D5)?
G o1 Vi (s* + Rals T L;Cz )(Rl(l—lDl)2 el LngLgég
vdll = ~x = 57
11 i LGy Dnyo(s) (2.61)
9 s (1=D1)2\, —Lys _ M2(1-Dy)? '
. - @ W (s* + mo T L Cy )(R2(1—2D2)2 +1) L1Ly L Ch
vd22 ng L/202 DnbO(S)
Cross-coupling transfer functions:
. 2
Goarz = Yor _ MVin(1— Dy) s(s+ RQC?)
T d,  LeLiCi(1— Dy)  Dmny(s

o B MVi(l—Dy) 56+ pe)
vdz21 Czl LlL;CQ(l = Dl) Dnbo<5)

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 shows the circuit diagram of CI-SIDO boost and buck converter.
2.5.3.1 State-space Equation

Considering Case A (D > Dy), 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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iLl(t)—P —.VLl(t) + ‘S;D]
Sy, L2ty ier(1)y i
L & g vn(D) - i«z(f)i + CT R .
0 D) o S CZT R,3Vn(?) o (t) - Lo (t)

Figure 2.15: Circuit diagram CI-SIDO boost and buck converter

in(t)-»

+

i ()
col [+ | T &swo|
CT R2ve ) Uiy ) - @0

Figure 2.16: Mode I circuit configuration of CI-SIDO boost and buck converter

Mode I: d;T, interval
The equivalent circuit for this interval is shown in Figure [2.16] Applying KVL and KCI in the

equivalent circuit of dyT; interval gives:

Ly 50 = 0in () + 12 (0in(8) — vo2(t))

Crdum® _ —o® _ o ) (2.63)

L5280 = (v3,(t) = v () + Hoin(t)

Cyee — o (t) — U.fz_it) ~ t02(t)

leading to state-space equation of the dyT interval:

dx_(t) = Aix(t) +Buu(t) , y(t) =Cix(t) + Diu(t)

dt
[ —M- -l M i
00 0 (12 000
00 0 0 =0 0100 000
A1: G ) B1: ) o @ 1= 1=
00 0 (142D 00 0001 000
0 0 7 Gl | 0 05
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<

iCl (t) } +
+ Vo (t) _ i(fz (t) + C1== RE: Voi (t)
71 CZT RSV (l) I (l)

1]
3

\/ iOl (t)

(€

Figure 2.17: Mode II circuit configuration of CI-SIDO boost and buck converter

Mode II: (d; — d3)Ts interval
The equivalent circuit for this interval is shown in Figure [2.17] Applying KVL and KCL in the
equivalent circuit of (dy — dy)Ty interval gives:

L 20 — g, (1) + 2 (—upa(t))

ia(t) = Cldvzl—lt(t) = —vo1(t)/R1 — 01 ()

h (2.64)
L2280 — g (t) + Loin(t)
iea(t) = Co220 — 1 (t) — vga(t)/Ro — ioa(t)
leading to state-space equation of the (d; — ds)T interval:
dx(t
% = Aox(t) + Bou(t) y(t) = Cox(t) + Dou(t)
_ e - p
0 0 0 £ o i 0 0
0 =Y 0 0 0o -2+ 0 0100 000
A= | @ B, = @ C; = 2 =
—1 M
OOOL—,2 L1L/20 0 0001 000
1 — 1
_0 0 Cy C211?2_ L 0 0 Ty

Mode III: (1 — d;)T; interval

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

equivalent circuit of (1 — d;)Ty interval gives:

Ly — g (t) — v (t) + 2 (—vea(1))
ia(t) = O 290 = ipy (1) — vor () / Ri — o (1)
Ly — —(t) + 2 (03n(t) — v (1))
iea(t) = 02(&}3—2;(” = ira(t) — vo2(t)/ Ra — i02(1)

(2.65)
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l.Ll(t)—’ _VLI(E * Shi
l.Lz(t)_> m iCl(t)VV +
LZ ' C:: <;V (t)
iy g + v (1) - icea (1) + ! le» 01
Vi (1) »7] CzT Rz (1) Ui, (1)

— Gr iOl (t)

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

leading to state-space equation of the (1 — d;)7} interval:

dx(t
B _ Ax(t) + Byu(t) y(t) = Cix(t) + Dyu(t)
i -1 fM- i 1 ]
R S o 00
1 —1 =1
U T =Y B )
-M —1 M
LiL, 0 L LiL, 00
0 0 5 Gl [0 0 3

2.5.3.2 Average State-space Equation

Now the averaged state-space equation is written as

dx

— =Ax+Bu y=Cx+Du

dt

D3:D1

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

0

1-d;
A= |9

0

|0

01
C =

00

TH-2784_146102037

_ (1=di)
L) 0
1
T CiRy 0
_ M(1-dy)
1L,
1
0 o
0 0
01

[ Mds
Li,l(1+ r2) 0
1
0 e
i(dQ—i—LM) 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
X(s) = (sI — Ag,) 'Bg,t(s)

which is expressed as

in(s) s 20 PG A+ 00|

dor(s) | [FERY sy L 0 0 A 0 ?“ﬁ

ir2(s) 0 M‘;;’;’” s i (D244 0 zmi;

[Oca(s)| | O 0 s ' 0 0 %3 %
(2.66)

Input voltage to inductor currents transfer functions: By solving the first and third line of
(2.66) and making the i01 = 192 = 0, we obtain the input voltage to inductor currents transfer

functions as

G in sl (s + R1101)<82 T mo; T L2102 + MLI;Q (s* + ;)
gl — ~ T 7 D
Vin L1 nbobu(s) (2 67)
o S — 2 S ’
G0 = Zﬂ — i (S + R2102)(D2<S2 + R1Cy + (lLchll) ) + LMl(SQ + R1C1))
10 @zn LIQ Dnbobu (S)
where,
1 1 (1— D;)? 1 1
Do, 4 3 / : 2
mon(8) =S H (g m t p ) Y e Y e T R
1—D,)? 1 1—D,)?
TR ) )s+ LD
LlclRQCQ L202R101 LngClC’g

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

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

Hiy = %ﬂ = 1 _/ Dy (82 + R;CQ + ﬁ) Hipy = %ﬁ _ ,1 (52 + ﬁ (11':1D011)2)
o 2t Driuo(s) e LoCo D1igopu(s) (2.68)

Hijnz = EAL_I = ]\/,[ e ¥ Rllcl) Him = %;LQ = M{ — Dy)s(s + Rleg)

o2 LaLaCo Drtvom(s) lo1 LiLyCy Dnpopy(s)

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, A; = A,, Bs = B, (2.21)) becomes
%(s) = (s — Aqo) H{[(Br — Bo)UJda(s) + [(Az — As)X]di(5)}

and is expressed as

- - ~ = =1l = k

ZLl(S) § L 0 LoL) LoL, L(1-D2)

A~ 7(17D) 1 7‘/177. 7

UOI(S) — C1 : s+ C1R1 0 0 0 R1C1(1-Dn)? d2(8) (2 69)
ina(s) 0 Mo=D) o o el ll 0]
& LI L Ly  LiLy(1-Di) !

ia(s)| | 0 I ] |0 ey

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

A 9 . .
&, Vi (s + 7" met o)
dy L1 = D) Dnipop () -
i 1 s (1—D )2 .
Gido2 = 25/2 = Vi (S t RQC?)(SZ - Ri1Cy + L1Cl1 )
d2 LIQ Dnbobu(s)
G'dlzzgﬂz MVin S(S—’_RllCl)(S—f_ﬁ) Gliaon :%ﬂ = MV; 3(3"‘%)(3—'_131201)
i do L2L/1 DNbobu(S) ¢ dy LlL;(l — D1> 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

y(S) = (Cav(SI - Aav)_lB(w + Dav) ﬁ(S)
TH-2784_146102037
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which is expressed as

(1-D1) M 1 MDsy

s DA A

~ —(1—-D») 1 1 wm
UOl(S) _ 01 00 Tl S‘i’ﬁ 0 0 0 -G 0 i (S)

~ - M(1—D 01

Bo2(5) 0001 0 (Lllyj) s o zDr+) 00|
—1 1 1 ZOQ(S)

i 0 0 Tor S + CaRs L 0 0 ~ 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 i01 = tgz = 0 and is given by:

A s MD s
G 1:@: 1 8 (82+R202+L2102+ L22(82+R202)>
" ﬁm L/lcl Dnbobu(s) (2 73)
A s 1-D1)? s ’
vo? QA}m L,QCQ Dnbobu(s)

Load current to output voltage (Load Regulation) transfer functions: The load currents to
output transfer functions are found by solving (2.72), making the 0, = 0 and is given by:

Self-regulation transfer functions:

. 2 5 _1 R s 1-Ds)?
7 Vo1 —S (S 0 R2Co o L’202) 7 _ Up2  —S (52 I+ RiCh + (LlCl1) ) (2 74)
vill = 5 = vi22 = T = :
i01 Cl Dnbobu (8) iog 02 Dnbobu (S)
cross-regulation transfer functions:
0 M((1—-D 0 M1 —-D
Z’Uil2 - & - ( 7 1) - Zm’21 = @ — ( 7 1) B (275)
102 L2L10102 Dnbobu(s) 101 LILQCch Dnbobu(s)

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 A; = Ay, By = Bg
C,=Cy=0C3, D; =Dy =Dsg, becomes as

S’(S) = {(Cav(SI - Aav>_1[(B1 - BQ)U])}CZQ(S> + {(Cav(SI - Aav)_l[(AQ - A3)X])}CZ1(S)
— Y(5) = Cau(sT — Auy) ™' |(B; = By)U  (Ay — A)X
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and is expressed as

s = (v, v,

Ly LoL) Lol L} (1-Dy)
ﬁ01(8) - 0100 _(lc;lDl) S+ﬁ 0 0 0 RlC:(‘l/i—nDl)z'
@02(8) vond 0 M(Lll;;l;l) N LL/Q ‘25 L1L]>2/[(‘1/TD1)

L P 0 & s+azz]| [0 0

(2.76)

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

output voltages transfer functions as

2 s 1 ~Lys M?
G /(A}O]_ ‘/Z (S + R2C2 -I_ L;CQ)(Rl(l_lDl)2 + 1) o L1L2Ll202
vdll — = — 7
dy LlCl Dnbobu(s)
r 2 (1-D1)*
Guiz2 = Yo2 _ Vin, (8 + R1801 o L1011 )
d2 L202 Dnbobu(s)

Cross-coupling transfer functions:

Gpaiz = Uor — MV (1 — Dy) s(s + Rle'z)
b ds LyLiCy Dnpopu ()
doz MYV; s(s + mer)
dl LlLIQOQ(l — Dl) Dnbobu(s)

Gvd21 = =

2.6 Small-signal Model of CI-SIDO Converter

(2.77)

(2.78)

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

resented in matrix form as

11 Giann Giqiz| |da Gig1 Hini Hio| |t
A = |t Vin R
112 Giaz1  Gigoo ds Gng Hiio1 Hioo 202
Vo1 Guair Guaiz d; Gvgl Zvitl  ZLui12 101
= ~ + Vin ~
Vo2 Guazr Guazo dy Gvg2 Zyior  Lyiza 202

(2.79)

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

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 Coeflicient 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 Ly, Ly 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

Ry(D1 D) + $£ D, Dy) Ry(Dy Dy + 32Dy D))

b=—pra-m ‘= amna-m (3.1)

It is noted that with increase in k, the boundary inductance value increases. Figure 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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3.2 Effect of Coefficient of Coupling on Boundary Value of Inductance
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Figure 3.1: Boundary inductance value of CI-SIDO buck converter with variation in k£ considering
Vin =10, dy = 0.6, do = 0.33, Ry = 129, Ry = 6.692 (a) L1 (b) Lo
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Figure 3.2: Boundary inductance value of CI-SIDO boost converter with variation in & considering
Vin =5, dp = 0.583, do = 0.375, Ry = 24Q), Ry = 162 (a) Ly (b) Lo

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

L DD+ D) - ReDy (Do + D) (3.2)
TRk T 2f(1— k)

Figure 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 Coeflicient 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 Gq11, Gaoe for CI-SIDO buck converter

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

Gvdll V;” 582 i R;CQ i ﬁ)l k2

LCy (82 + g T m)(32 t mer T L’lcl) - LILLCiC, (3.3)
Guaze = Vin 582 i R1801 . ﬁ)l %2

b CQ (82 7 C T E)(SQ + RlsC’1 + LIIC1) a L;LIQCICQ

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

form as

GOl(S + ZlS+IUZ1)

G —
vl (52 + 525+ wy)(s? + w”2 =5+ wp,)
o (3.4)
o Goa(s® + o=s+ wzz)
d22 =
! (s + girs + wyy ) (52 + G55 + wpy)
Where G()l = L‘fgl’ G02 = L‘fgz
. Wp1-BC . Wp2—BC

Wyl X —F/———, Wy N ————, Wy = Wpa— , Wy = Wp1—
pl \/H——k p2 m 1 p2—BC 2 pl—BC (3 5)

Qpl BC QpQ BC
Qpl \/1—}——]{3’ QpZ ma Qzl Qp? BC)» QZ2 - Qpl BC

where, wpi—pc, Wpa—pc, @pi—Bc, @p2—pce are the resonant frequency of complex poles, its

quality factors of SISO buck converters and are given as wy_pc = ﬁ , Qpi—Bc = R,/ %

s Wyo B =\ Tagy » @ra-Bo = Ray [
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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 | V; Vou Voo Ry, Ry Li=Ly, | C; =0CY fs
values 0OV |6V |33V ][120,66Q | 115 H | 320 uF | 100 kHz
CI-SIDO Boost converter
values [ 5V 10V | 7V [240Q,14Q | 115 uH [ 220 uF | 100 kHz

8
< 6 "o
I ——w,
X
3, o— "
&
=
8
L 2

0

02 0.4 06 038 1

k

Figure 3.3: Variation of resonant frequencies w1, wp2, w,1 with k

According to , the transfer function G411 has two complex poles and one complex zero.
From , resonant frequency of complex poles w1, wye depends on k and resonant frequency
of complex zeros w,; doesn’t depend on k. Thus, with variation in k, w,; is fixed while wy,,
wye varies. Figure shows the plot of wy, w2, w,1 with k variation. From (3.5) and Figure

3.3] it can be observed, the G411 has interlaced pole-zero distribution as
Wy << Wy << Wy (3.6)

Same is true for G as well. The interlaced pole and zero distribution makes the CI-
SIDO buck converter to behave as 2" 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 [3.4l The resonant peak is due to the quality factor of poles and zero. From
(13.5]), quality factor of complex poles depend on k and quality factor of complex zero doesn’t
depend on k. Figure shows the variation of Qp1, Qp2 with k. From and Figure 3.5
it is seen that with increase in k, @),2 increases and (),; decreases. Increase in quality factor

result in more oscillation in transient response which eventually increases the settling time.
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3. Choosing Coeflicient of Coupling for Coupled SIDO Converters
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Figure 3.4: Bode plot for G411 of CI-SIDO buck with different &
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Figure 3.6: (a) Step response of G411 of CI-SIDO buck considering circuit parasitics with medium
and tight coupling (b) Settling time of G411 for CI-SIDO buck as function of k

Figure [3.6(a)| shows the step response of G411 with medium and tight coupling and Figure
3.6(b)| shows the change in settling time Ty 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

Goazo = 22 of CI-SIDO

The duty cycle to output voltage transfer functions G411 = % y
2

Do1
di’

boost converter are given by

’
Vin 2 s (1—D2)2 —LIS . k2(1—D2)2
a Loy (5% + RyC LyCso )(R1(1—D1)2 +1) LyCo
vdll — 2 2 2 2 2
2 s (1-D3) 2 s (1-D1)2y _ k2(1-D1)2(1-Do)
(8 + me; + o )(8* + g7 + L7C ) LI L,CiCy (37)
’ )
Vin (o2 s (1—D;)? —Lys _ k2(1—Dy)?
e L;CQ (8 + R.1Cy + L'101 )(32(1*D2)2 + 1) L/16'1
vd22 — 2 2 2 2 2
2 4 s 4 (A=D2)2\( o s (1-D1)2\ _ k2(1-D1)%(1—Do)
(3 + RyCh i L5Co )(8 + R1C1 + LCy ) LyLyCiCa
and can be written in pole-zero form as
2 . 2
G GOl(l B wriz1)<s - %S + le)
R > T 2 \(g2 4 o2 2
(s? + 0,51 Wy )(8% + 0,5 T Wpy) (3.8)
2 5 2 :
G G02(1 B w'r‘izZ)(S ™ %S + wZQ)
vd22 — w w
2 Wpl 2 2 Wp2 2
(s + gors +wp ) (s + GFs + wpy)
- V'in — Vv“"«
Where, Gm T o G02 = IC
1 2
pl ~ p2 ~ 21 ~ Wpa— 22 ~ Wpl—
VI+E V1I—k’ ’
Q - Qpl—BO Q ~ Qp2—BO Q a QpQ—BO Q ~ Qpl—BO (3 9)
1 ~ T ———— 2 ~ T 1 ~ o 2 ~o .
WAk Ak 7 1k T k2
~ Wrhz1—BO L Wrhz2—BO
Wrhz1 ~ 1_—162, Wrhz2 ~ 1_—k2

where, wp1-po, Wp2—po, Qpi—Bo, @p2—po are the resonant frequencies of complex poles, its

. . . o (17D1)
quality factors of SISO boost converters, respectively and are given by w,_po = Nk
—_ _ 2
Qp-po = (1= D1)Riy/ T4, Wy po = %, Qp-po = (1= D) Ra\ [ B, wypa1_po = U2,
Ra(1—D5)?
Wrhz2 = —2(1L2 2) .

According to , the transfer function G411 has two complex poles, one complex zero
and one right half plane (RHP) zero. From , Wp1, Wpz depend on k and w,;, w,e does not
depend on k. Thus, with variation in k, w,1, w.s, are fixed while w1, wye varies. From , it
is observed that, the G411 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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3. Choosing Coeflicient of Coupling for Coupled SIDO Converters
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Figure 3.7: Effect of k on quality factors of G,q11 of CI-SIDO boost (a) @p1, @p2 (b) Q21
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Figure 3.8: Pole zero map for G411 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 shows the
plot of quality factors as a function of £ and is observed that with increase in &, (), decrease,
@1, Qp2 increases. Moreover, it is observed, with tight coupling the ().; becomes negative that
means the complex zero moves to right half plane (RHP). Figure shows the pole-zero map
for G411 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 G411 with variation in @ factors and is
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3.4 Effect of Coefficient of Coupling on Cross-coupling
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Figure 3.9: Asymptotic bode of G411 of CI-SIDO boost (a) Low Q-factor (k=0.4) (b) High Q-factor
(k=0.9)
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Figure 3.10: Frequency response plot for G411 of CI-SIDO boost with k£ as running parameter

observed that with high @).; the system undergoes multiple 0 dB crossing, i.e., system lead to
conditional stability. Figure shows the bode plot of G417 with increase in k. From Figure
3.10] it is observed that with tight coupling, the magnitude plot of G411 shows multiple 0 dB
crossing and phase plot of G411 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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3. Choosing Coeflicient of Coupling for Coupled SIDO Converters
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Figure 3.11: Bode plot for cross-coupling transfer function G421 of CI-SIDO buck with different &

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

/L1 Vin 1
k Lo L;Cl S(S + RzCz)

Gvd12 =

2 s 1 2 s 1 _ k2
(s* + G T L;cg)(s Tme T L’lcl) L\ L,C1Co (3.10)
(L Vi 1 '
k L_?Ll;gbs(s + R101>
Gvd21 =

2 s 1 2 s 1 o 152
(52 + R0 L;(:Q)(S T Re T L’lcl) LiLyC10

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 shows the bode plot of cross-coupling transfer function G401 with different k value
for CI-SIDO buck converter. It is observed from Figure that with increase in k, the
resonant peak increases. Figure |3.12] shows the step response of G421 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 vge with increase in k and is

found that with increase in k, cross-coupling effect (overshoot in output voltage) increases.
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3.4 Effect of Coefficient of Coupling on Cross-coupling
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Figure 3.12: Effect of k£ on cross-coupling transfer function G421 of CI-SIDO buck converter (a)
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Figure 3.13: Effect of k& on cross-coupling transfer function G421 of CI-SIDO boost

3.4.2 CI-SIDO Boost Converter

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

[T, VD, s(s + ==
G’Ud12 - k . ! ( RQCQ)

L. 1O D, (24 s o 0D’y o s (-D)?y _ K(-D)?(1-Dy)°
IO (8 4 gl + ) e + ) L1L50iCe

, (3.11)
[Ly Vi, D s(s + 52
G’Ud21 - k 2 ‘/;n 2 ( RlCl)

Ly LyCyDy (52 + e T (=D2ly(g2 4 . (=D1)?y _ (=D12(-D,)’

L5Co LCy Ly LyC1Co

From 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
Gpao1 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. Choosing Coeflicient of Coupling for Coupled SIDO Converters

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:

=s(g2 4 s 4 1
7 Ch (S 1 C2Rs + CQL;)
vill — 2
2 _s _ Ly 2 s 1 . &
(S 9 R2Co + L/Cz)<s + R1C + r C’l) LiL.Ci1Cs
2 1 12 (3 12)
(P4 A+ ) '
7 Co C1Ry C’lL/1
vi22 = 3
2 s 1 2 s 1 o k
(8 + R>Co + L;CQ><S + R1Ch + L;Cl> L;L;Clcg
The cross-regulation transfer functions of CI-SIDO buck converter are given by:
Ly s
7 k V L2 CiCoL]
vil2 = 3
2 s 1 2 s 1 o k
(s* + R T L;CQ)<S TRo T L’lcl> L} LyC1Co (3.13)

by 2
Ly 01C2L/2
Zvin_

2 s 2 s 1 _ k2
(S + RyCo + )<S + R1Cy1 + L/101> LIIL;CHCQ

——
LCo
From , 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 shows the step response of Z,;11, Z,01 with different k& value. From Figure
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Figure 3.14: Effect of k on self-regulation and cross-regulation transfer function of CI-SIDO buck
(a) Zuvir1 (b) Zyi21

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:

’2

s s D
7 - 0_1(8 + Ro2Co L'QCQ>
vill =
2 (1 D2) 2 s (- Dl) _ k2(1-D1)2(1-D»)?
(S hi R2C2 + )(S + R1Cy + L /62’1 ) L'lLIQC&Cg (3.14)
s D
7 C_(S + Rlcl + L/lc )
vi22 —
24 s 4 (1-Dp)? s (1-D1)?y _ kK?(1-D1)*(1—D3)
(52 + mey T I.Cs )(8* + 7+ o ) L1 L,C1Cs
The cross-regulation transfer function of CI-SIDO boost converter are given by:
L, D\D, s
Zyinz = k L2 I C1Cy (24 = + (1’D2)2)(32 454 (17D1)2> _ k2(1-D1)2(1—-D3)?
RaCy L5Co RiCy LyCy L LyCiCo (3.15)
P e MDD, 5 '
vi2l =
L. I 2 4 (1-=D2)2\( 2 s (1=D1)2\ _ k2(1-D1)2(1-D3)2
1 0102 (S RaCo C + L/ZC,2 )(S + RiCh + Lllcl ) L/1L/2C1C,2

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) Zyinr (b) Zyia1

Figure [3.15| shows the magnitude plot of self-regulation Z,;;; and cross-regulation Z,;9;
transfer function for different k& value. It is observed that, with increase in k, resonant peak of
Zyi11 decreases and resonant peak of Z,;91 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 Ly, Ly 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 G411 of CI-SIDO boost at k = 0.95 with different ESR of capacitors r¢;
where ¢ = {1, 2}

(Gya11, Guaoz) 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

B.I17
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Coupled
Inductor

20 us/div.

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 =10V, Dy = 0.5, Dy = 0.3, C; = Cy = 320 uF, Ry =6 Q, Ry = 3 Q, f; = 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 £ = 0.8. The coupled inductor values for two cases are:

Case I: Ly =118 uH, Ly = 112 puH, M = 52 puH.

Case II: Ly =118 puH, Ly = 112 pH, M = 92 puH.

3.7.1.1 Steady-state Results

Corresponding to duty cycle D; = 0.5, Dy = 0.3, the steady-state output voltages are
Vor =5V, Vge = 3 V for ideal case. Figure [3.18| shows the steady-state results of CI-SIDO
buck converters. The obtained steady-state values are Vo = 4.6 V, Vo = 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 d; (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 D;. In medium coupling case as shown in Figure m(a), when D,
changes from 0.5 to 0.6, Vo, changes from 4.6 V to 5.6 V in time 1.24 ms with overshoot 0.24 V
and Vpo experience cross-coupling effect (overshoot) of 0.21 V. In tight coupling case as shown
in Figure M(b), the settling time increases to 2.4 ms, and cross-coupling in Vjy 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 =5V, D; =05, Dy =03, C;y =Cy =220 uF, Ry =24 Q, Ry, =14 Q, 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 Dy = 0.5, Dy = 0.3, the steady-state output voltages are

Vor =10V, Vo = 7.14 V for ideal case. Figure shows the steady-state results of CI-SIDO
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Figure 3.20: Steady state experimental results CI-SIDO boost converter
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Figure 3.21: Experimental results of CI-SIDO boost converter for step change in d; (a) medium
coupling (b) tight coupling

boost converters. The obtained steady-state values are Vo = 9.6 V, Vo = 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 D;. In medium coupling case (Figure [3.21f(a)), when D; changes
from 0.5 to 0.6, V4 changes from 9.6 V to 12 V in time 4 ms with overshoot 0.41 V and Vj,
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 Vp; is 0.39 V and cross-coupling in V{, 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 [{.1[(a). For two
output in CI-SIDO buck converter, two feedback loops are realized. The feedback loops are
formed using two controllers G1, G2, two pulse width modulator (PWM) gains G,,,1, G2 and
two feedback gains 31, f#s. In voltage mode control, the duty cycles d;, ds are controlled by the
control voltages ven1, Ven2 Which are derived from the reference voltage v,cf1, vrer2 and feedback
voltage vy1, vpo. 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 [£.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 b) can be written as

o1 Goarr Goarz| |di Gug1 Zont Zuinz| |01
+ Vin (4.1)

Vo2 Gdel Gvd22 d2 Gng Zm’21 Zm'22 i02

The duty cycles are generated by the controllers as shown in Figure (b) and is given as

C%l _ leGml 0 ﬁrefl F BI@OI (42)
d2 0 GUQGm2 @refZ - 52602
Using (4.2) in (4.1) becomes as
Vo1 B Guiti Goaiz| |GG 0 Urep1 — Bilo1
@02 Gvd21 Gvd22 0 Gv2Gm2 @ref2 - B2@02
Gogi Zvin Zuinz| |ion
"| o] )
Zyior  Lyizz | |to2

Gvg2

Rearranging (4.3]), we get:
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1+ ﬁlel Gmledll /82GU2G77’L2GUd12 601 o leGml Gvdll GUQGmZGvd12 {)refl
61Gv1 Gmled21 1+ B2Gv2Gm2Gvd22 7}02 leGml Gdel Gv2Gm2Gvd22 @refZ
Gugl Zoin1 Zinz| |i01
+ Vi | T . (4.4)
Gvg2 Z'ml21 ZU'L’22 i02

By nullifying the disturbances, i.e., 0, = 291 = t02 = 0 in (@.4]) and solving the equation, we

get, the closed-loop reference-to-output as

ou|  1ig7] 141l | |Yrest 45
= / (4.5)
Do Ay Ay Do po
0 1+7, 14T, ref

where,

Tl/ T /Blelel <Gvd11

Ty = B2G2Gma (va

Gvd12 Gvd22 62 v2 Gm2

a 1 GvdZQGU2Gm252

4.6
Gvd21Gvd1161Gv1Gm1 ( )

N Gua11 G G 1

G'vd21 Gvd12 52 Gv2G

- ENEn ; Felny

; 1 + Gvdllelelﬂl

Goa21Guai1232G2Gima

I+ Gua22Go2Gma B2
Goa12Goa21 51G o1 Gmi
1+ Gua11G o1 G 1

(4.8)

)
)
)
Guaa1 Guar251 leml)
)
)

T, and T}, 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 (£.8) that the outer loop gain transfer functions T}, T}

depends on both controller G,1, G,2. Thus, the design of controller is not independent.

4.3.1 Approximate Decoupling

It is observed from (4.5) that, if A}, ~ 0 and Aj, = 0 then the voltage mode control becomes

decoupled. From (4.6)), we observe that if the compensator’s G,; and G,y are designed such
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4.3 Proposed Decoupled Voltage Mode Control of CI-SIDO buck Converter

that,

|Goa11Gu1Gra B1| >> 1 and |GrioeGr2Gmafa| >> 1 (4.9)

then the closed-loop reference-to-output relationship of (4.5) becomes

~ Aqq ~
D) Sl € Ure
ol o | n (4.10)
Vo2 € ffﬁ Uref2
where € — 0 and
Ay = GGG = A,n, Ay = GpoG2Grae = Algg (4-11)
T = Bi1GuiGriGuar = Ty, To = 3G 2GraGoaz ~ T (4.12)

where, T and T, are the approximated outer loop gain transfer functions, G4, G2 are the

approximated control-to-output voltage transfer functions. The expression of G471, Gue2 are

given by
Goa21Gudr2 erl ( mCl )
Gvdl - Gvdll - == 7
Gvd22 L S(r—l + ) erl
= Loy (4.13)
_ Goa21Goar2 VinTs (s+ %202)
Gvd2 - Gvd22 - G i L , Rgr
vdl1 2 82 +S(L_22 + ) 112022

From , it is observed that approximated control-to-output voltage transfer functions G 41,

Gao is same as that of control-to-output transfer functions of simple buck converter.
Therefore, we observe that if G,,; and G, are designed satisfying , then the two outputs

Vo1, Vo2 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.
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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 0,1 = Opefo2 = 01 = %02 = 0 and solving the

equation we get,

Vo1 1+ 81Gu1GmiGugin B2G v2GrmaGuar2 Gug
= Din (4.14)
Vo2 B1G1GmiGuar 1+ B2GiaGraGrae Gog2
solving we get,
A G — Gug2Gvd1282Gv2Gm2
G _ Yo1 . vgl 1+Grya22Gv2Gma B2
vgl—cl @m oL 1+ Tll ) 15
A G . — Gug1Gvd2181Gv1Gmi ( ) )
el _ Vo2 _ 927 14GuanGuiGmif
vg2—cl ﬁzn - 1+ T2/
Applying approximation of (4.9)) in (4.15)), we get
Gpa12Gy
G/ - G'ugl - é1112d22 = _ le - G
vgl—cl 1+ Tl 1+ Tl = Yygl—cl 16
G GdeIGvgl ( ' )
G/ -~ vg2 — Goall _ GUQ _ G
vg2—cl Jout T2 1+ T2 = YUyg2—cl

Where, G,1, G2 are the approximated audio-susceptibility transfer functions and are given by

_ Dyr} (s +mer) _ Doy (s + me)
le — L1 ) T‘l T" erll ) GUQ — L ) Tl 1“" RQT” (417)
1 1 1 2 2 2
S +S(L_1+C_1)+ L1Cy 2\s +8(L_2+C_2>+ L2Co

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 T}, T 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

TH-2784_146102037

76



4.3 Proposed Decoupled Voltage Mode Control of CI-SIDO buck Converter

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 by making

Uref1 = Upef2 = Uin, = 0 and solving the equation we get,

-1

@01 1 3 ﬁleleledll 5ZGv2Gm2Gvdl2 Zvill Zvil2 Z-01 (4 ]_8)
Vg2 b1Go1GmGuazt 1+ P2GuaGrmaGuaz Zyint  Zviz2 | |02
solving we get,
Closed-loop self-regulation transfer functions:
" 7 i Zvi21God1282Gv2Gm2
Z/ Vo1 vill 1+G 22 G2 Gm2 B2
vill—el — 7 - 1 —I—Tl
01 lcL 1 419
N T oo — Z0i12G0a2161G01Gm1 ( ’ )
Z’ . /UOQ o vi22 1+Gvd11Gv1Gm161
vi22—cl = 4 - 1 T/
102 oL + 1y
Closed-loop cross-regulation transfer functions:
A . . Zvi22Gpd1282Gv2Gm2
Z/ r Vo1 vil2 14+ Grpa22Go2GmaBa
vil2—cl 5 - 1 T/
102 oL, + 14 490
“ /A Zvi11Gva2181Gv1Gm1 ( ’ )
Z’ Vo2 _ A2l 1+G 311 Gv1Gm1 81
vi2l—cl — 7 - 1 —I—Tl
201 oL 2

Applying approximation of (4.9) in (4.19), we get the approximated closed loop self-regulation

transfer functions as

 Zwi21Gudio
Z/ _ szll Godaz . Zm’l o Z
i11—cl ™ - = ZLyill—cl
veiTe 1+Ty 1+T) (4.21)
T — Zyi12Gvd21 7 ’
Z/ ~ v122 Goail . vi2 Z
i22—cl ™ - - 122—cl
vi22—cl 1 + T2 1 + Ty2 v C

where, Z,;1, Z,io are the approximated self-regulation trnasfer functions and are given by

r/ls(s + mlCl) r;s(s + —TC;CZ)
Zvil - 7‘/ T” Rl’f” ) vi2 — 7’, 7’” RQ’I’” (422)
s+s(+a)+t e s+s(2+ &)t 1.8

Applying approximation of (4.9) in (4.20]), we get the approximated closed loop cross-regulation
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transfer functions as

o Zyi22Gudr2 M7
VA ~ Zvi12 Guaza  __ La Zvia
i12—cl ™ -

v = Zyil2—d
A Zvi11Gud21 M7 ’
Z/ — v121 Goall I vil _ 4
vi2l—cl ™ - = 4ipi2l—cl
1+ T, 1+ T,

Following observations are drawn from equations (4.21))-(4.23)):

e The self-regulations and cross-regulations can be improved by making the loop gains 77,

T, large.
e The closed-loop self-regulations are simplified and become same as simple buck converter.

e [t 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 Ty, T; 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), 7} can be expressed as

T(5) = Gu;(8)GmjBGoai(s)  where, j = {1,2} (4.24)

Type-II compensator is considered for controller G,;, G5 and the circuit diagram is shown in

Figure [£.2(a). The transfer function of controller and PWM are given as

kei(1+ 52—) 1
Gyi(s) = . Grj = — (4.25)
s(1+ w;_p) Vin
_ 1 . . _ . _
where, k.; = TaTa) 8 the compensator gain, we;_, = o I8 the compensator zero, wej_, =
ci1tco

e 1s the compensator pole. V,, is the peak voltage of external ramp signal.

Using (4.13), (4.25) in (4.24), we get

VinBike; 1+ 5500+ 52=)

T, = Wesr ey (4.26)
U SR o)
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4]

1 w/ 0 dB >
(a) (b) \10@13

Figure 4.2: (a) Type II compensator (b) Bode plot of Gygj, Gyj, desire T

/ "
Rjr. Cir.+Ljr:
g T _ i _ T T LGT
where, Wegrj = —=, Wo i = \| =, (; = —2—LL
?TEST] e Gy O L;iCy’ G 24/L;C; Ry
It is observed from (4.13), that the poles and zero of G4 lies in left-half of s-plane, i.e.,

open loop system is stable. Thus, the closed-loop stability depends on the design of G,;. The
design of G,; 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 T}(jw) = —1 and results

into

|G (§60) G B Gloa ()| = 1 (4.27)

LG i (jw)CmiBiGoai(jw) = —7 (4.28)
Considering a phase margin ¢,, at crossover frequency w,;, (4.28) becomes as
4ij (jwcj) + 4Gvdj (jwcj) Z —T —f- ¢m (429)

Since a Type-1I compensator has a phase lag between 0 to 7/2, we find the crossover frequency

we;j limit to be

—T + Gy < LG g (Jwej) < =724 O

. 2¢jwej (4.30)
—7 + Qsm S tan_l <w & ) — tcm_l (%) S -7+ ¢m
esrj Wo
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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 | Vo1, Vo2 | Ri, Ra Cy, Co Lyi,Ls M fs | Vm| B1, B2
10 V|6 V. 3.3 V|6 Q, 3.3 Q{100 uF, 100 uF|190 1H ,180 £H|130 £H|100 kHz|5 V|1/3, 1/3

100
o T || @ 50
g 1 3 @ 50
~ ~— ]
o O T T T T T o ¢ .0
= S 50 g
= -50
~ —100 ’a —
S a5 o 0 D -0
ko] Q
S 90 =~ 2
g % -135 o -135
& £ _ig0 8
o £ -180— — AKX === T
& _180 - ; o
107 10’ 10° 1c 10 10 10° 10%
Frequency (kHz) Frequency (kHz) Frequency (kHz)

(a) (b) (¢)

Figure 4.3: Bode plot of loop gain T} for three cases (a) Case A: fq; = 10 kHz, wej—. < w, j (stable)
(b) Case B: f.; = 10 kHz, wj—, > w,; (unstable) (c) Case C: f.; = 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 ¢,, = 55° and using the value of circuit param-

eter given in Table [4.1] in above equation, we obtain
foj < 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 (b) shows the asymptotic
bode plot of Gy, Gy, desired loop T}. From and Figure (b), T; therefore, contains
a pole at dc frequency, a compensator zero at w.;_., complex pole at w,;, ESR zero at wes,,
compensator pole at w.j_,. The compensator zero w.;_, should be placed < w, ; to compensate
the phase-delay effect of complex pole. Otherwise, the phase margin of 7; either becomes low
or negative, based on the Q factor of the complex pole. The compensator pole w.;_, should
be placed higher than w.; so that its lagging phase does not decrease the 7; phase margin.
Therefore, it is concluded that f,; < 10.37 kHz, w,;_. must be lower than w, ; and w.;_, must
be higher than w.; to be stable.

Bode plot of T} can be used to predict the stability phase margin of 7;. The bode plot of
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4.5 Proposed Compensator Design Procedure
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Figure 4.4: Simulation results for step change in load current ip; from 1 A to 2.4 A (a) Case A:
stable (b) Case B: unstable

T as shown in Figure |4.3|is obtained using circuit parameter shown in Table and designing
controller for three cases. Case A is for f,; = 10 kHz and w,;_, < w,,;, Case B is for f; = 10
kHz and w.j_, > w, j, Case C is for f.q = 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 ig; is step changed from 1 A to 2.4 A the
system remains stable for case A as shown in Figure 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
G,U]'Z
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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, G,,; needs to be designed satisfying (4.9)). In other words,
the cross-coupling Ay, =~ 0, if from (4.6

|(;vd21’
~ 0 4.32
|(;vd11(;7n1%31‘ * |(;v1’ ( )

Equation (4.32)) is satisfied only if |G,1| — oco. Practically |G| can not be made oo. Therefore,

considering € |Gzl where v = 0, |G,1| is given by

va11Go1GmiB1| g

|(;vd21|

G| = ComCoBiT % (4.33)
The loop gains T at gain crossover frequency w,; is
|Goar Go1 G B1] = 1 (4.34)
Using in and substituting circuit parameters, w.; for G,; is found as
va=Yallls g, = o Vollre (4.39
Similarly, f for Gy is found as fun = &Yl

As v and f.; are inversely proportional, higher the f.;, 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} fo; = 10 kHz, wej—. < wo; and wej—p > We;.
4.5.2 Type-1I Compensator Design Procedure

The objective of designing compensator is to obtain higher f,;, consistent with stability
boundary. Also, the desire loop gain at f.; 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
TH-2784_ 146102037
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Figure 4.5: Variation of phase margin and settling time with Zﬁﬁ

is as follows:

e Step 1: Choose the gain crossover frequency w.;: To reduce cross-coupling, f,; should be

high being consistent with stability boundary. Thus, f.; is chosen as given by (4.31]).

e Step 2: Calculate the compensator gain: From (4.27)), compensator gain is calculated as

1
|Gugils.; * 1Gmi| * B;

|Gl fye = (4.36)

e Step 3: Set the compensator zero w.;_,: The placement of w.;_, affects the stability of
the system. To ensure good stability margin, w.j_, < w,;. Figure shows the plot
of phase margin and settling time as placement of w.;_, is varied for the compensator.
It can be seen that if w.;_, is placed close to the w,; phase margin and settling time
decreases. The phase margin is found to be > 50° in range of 0.1w,; to 0.3w, 1. Similar

concept applies for weo—,. Thus, wej_, is chosen as

Wej—z = 0.2 % (jw,

(4.37)

e Step 4: Set the compensator pole wg;_,: For Type-II compensator w,;

= /Wej—zWej—p,

and

(4.38)

e Step 5: Calculate the circuit parameters of G,;: Using (4.36])-(4.38), the parameters of

compensator (11, 2, ¢1, ¢3) can be calculated.

TH-2784_146102037

83



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

L
|93
W

Phase (deg)
Phase (deg)

| |
[oie] w \b
S o S

W

2

—
o
—
o

107" 10° 10' 10 10° 10' 10° 10
Frequency (kHz) Frequency (kHz)

(a) (b)

/

Figure 4.6: Bode plot of loop gain transfer function (a) T} (b) T

4.5.3 Example of Compensator Design

Based on the proposed design procedure, Type-II compensators G, G,o are designed. The
design parameters of the converter are listed in Table From , fej is chosen as 10 kHz.
Using converter circuit parameters, |Gyails, = 0.211, |Gyals., = 0.215, w,1 = 7136 rad/sec,
Wo = 7237 rad/sec, |G| = |Gma| = 0.2, B = B2 = 0.33. Using -, Wel_, = 1427

rad/sec, wei—p = 2.76 % 10® rad/sec and k. = 102 % 103. The transfer function of G, is given

by

(1+7%107%s)
4.
s(1+0.36 x 10-6s) (4:39)

Gyi(s) =101 % 10°

Similarly, using (4.30)-(4.38)), we—. = 1447 rad/sec, we—, = 2.72 % 10° rad/sec and ko =

102 % 103. The transfer function of G,y is given by

(14+6.9%104s) (4.40)
s(1+0.367 « 10-65) '

Go(s) = 102 * 10

Figure shows the bode plots of the actual loop transfer functions 77, T, and approximated

loop transfer functions Tj, T,. It shows that both magnitude plots are nearly equal, but

deviations occur in phase plots around f.;, feo in T{, TZ' due to the influence of both controllers.

The phase margin of 77, T, 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
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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 1oop (Zyi11, Zuvit2, Gug1), closed-loop actual (Z;m_d, Z

! .
il W Gvgl_d), and approximated

(Zviti—ct, Zvira—ci, Gugi—a) transfer functions. These figures show that the actual and approx-
imated closed-loop transfer functions are same in frequency range up to f;, 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,,, ., cross-
regulation 7., ;, and audio-susceptibility G;gl_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 i1, 72, Vo1, Vo2

4.6.2 Time Domain Results
4.6.2.1 Steady-state

Figure shows the simulated waveform of inductor currents and output voltages at steady
state condition. It is observed that the output voltages Vp1/Voe are able to regulate to their

respective reference voltages, i.e., Vo1 = 6 V, Vos = 3.3 V with voltage ripple Avy; = 50mV/,
Avgy = 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 [1.9(a) shows the simulation results for step change in 4p; from
0.4 A to 2.5 A keeping igo constant at 1 A. It is observed that due the step change in 7y, the
output voltages vy; and vgo experience negligible transient response which settles very quickly.
As in Figure[1.9((a), the output voltage vo; under goes undershoot (self-regulation) of 0.7 V and
voe under goes overshoot (cross-regulation) of 0.08 V with settling time of 0.2 ms. Similarly,
Figure [£.9(b) shows the simulation results for step change in 4g, from 0.4 A to 2.5 A keeping
ip1 constant at 1 A. It is observed that the vg; under goes overshoot (cross-regulation) of 0.15
V and vge under goes undershoot (self-regulation) of 0.33 V with settling time of 0.2 ms.

Cross-coupling: Figure shows the simulation results of output voltages for step change

is reference voltage. It shows that the designed compensator regulates vy, and vge with reduced

TH-2784_146102037

86



4.6 Simulation Results and Analysis

4 — ~ 4 =
e T =25A < [=25A
8 2}1,,=04A l,=1A 3 2t 1 =1A 1,04 A ’
= S0 f
~ & £\ — 015V
2 V=6V 2
B 55f 07V . .8 =

5 . 5.8 .

- 35
~ 34 V_=33V = Nl
2 02 2 =
§ Ta 0.33V V,=33V

° 32 0.08 s° 37 1

0.095 0.1 0.105 0.095 01 0.105

t(s t(s)
(a) (b)

Figure 4.9: Simulated results for load regulation (a) Step change in ig; (b) Step change in g2
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Figure 4.10: Simulated results for cross-coupling (a) Step change in v,.r1 (b) Step change in vyef2

cross-coupling. For step change in v,p1=2 V to 2.5 V, vy, change from 6 V to 7.5 V and vy
experience negligible cross-coupling of 0.08 V as shown in Figure M(a). Similarly, for step
change in v, fo from 1.1 V to 1.5 V, vy change from 3.3 V to 4.5 V and vy; experience negligible
cross-coupling of 0.13 V as shown in Figure [1.10|(b).

Audio-susceptibility: Figure shows the simulation results of output voltage for step
change is input voltage v;,. Initially, the converter is in steady state. At t= 0.07 s, the input
voltage vy, is step change from 10 V to 14 V. It is observed that the output voltages vg; and vy
experience negligible audio-susceptibility effect and settles to steady state very quickly. The

overshoot in vy, vg2 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 v;;,)
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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 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) iz1, vo1, voz (b) ir2, vo1, vo2

Based on the laboratory setup, experimental results are presented to verify the proposed

method.

4.7.1 Steady-state Performance

Figure shows the experimental waveforms of the inductor currents and output voltages
at steady state. It is observed that vgy, vgs are able to track their respective reference voltages,
ie., Vor =6V, Vo = 3.3 V with voltage ripples Avg; = 50mV and Avgy, = 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 [£.14]
In Figure M(a), when ig; is step changed from 0.35 A to 2.5 A and igo = 1 A, vp; and vg
experience transients which settle very quickly. The self regulation of vg; is about 1.1 V| cross
regulation of vgy is 200 mV and the transient response time is 220 ps. Similarly, when gy is
step changed from 0.4 A to 2.5 A and ip; = 1 A, the self regulation of vgy is about 400 mV,
cross regulation of output vy is 500 mV and the transient response time is 220 us, as shown in
Figure [1.14](b).

Figure4.14]indicate that the proposed control method is able to suppress the load regulation

i.e., self-regulation and cross-regulation.
TH-2784 146102037

89



. Decoupled Voltage Mode Control of CI-SIDO Buck Converter

25A
i, | 0.35A
V01: 6V
Y b e — - .
oL Ao =11V
_______ V()z: 33 V|
Vo, . - s
| avp=02v
& B
a

25A §
io‘j 0.4 A :
.=05V V=6V
Vo, PN AN P
y Ver=33V
02 pr
N =04V |
"5 .
LT

(b)
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Figure 4.15: Experimental results for cross-couplings. Step change in reference voltage (a) vycf1 (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 In Figure a), Vrep1 is changed from 2 V to 2.5 V, accordingly vg; changes from

6 V to 7.5 V and vy, experiences negligible cross-coupling effect. Similarly, in Figure [4.15(b),

Urep2 is changed from 1.1 V to 1.5 V, accordingly vpe changes from 3.3 V to 4.5 V and vy

experiences negligible cross-coupling effect.
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Figure 4.16: Experimental results for audio-susceptibility. Step change in vy,

From Figure 4.15] it is observed that the designed compensator is able to regulate vy; and
vg2 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 shows the experimental results for step change in input voltage. The figure
shows that for a step change in v;, 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:

AVo1/ Vo AVoe / Voo
SR} = ———, SR, = ————
' ALy /In 2 Alg/Iny
AVo1/ Vo AVie / Voo
CRI; = ———, CRI; = ————
! Al /Ioe ? Alp /I (4.41)
ASI, = AVy1 Vi ASIL, — AVya/ Vo
AV [Vin, ' AV [ Vi
AVo1/ Vi AVie / Voo
CClj=———  CClLy = ————
! A‘/;“efZ/‘/refZ ? AV;“efl/‘/refl
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Table 4.2: Comparison with existing SIDO converter implementation

References | (34 135 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 4.8V 5V 10V

voltage

Output 33V, 12V 1V, 15V 6V,33V

voltage

Load 0.1 A 01A 05A 05A 25 A 25 A

current

Output 045 W 1.25 W 24 W

power

fs 100 kHz 500 kHz 100 kHz

Transient | * * 220 us

response

SRI4 0.033 0.025 0.03

SRIy 0.03 0.033 0.023

CRIL; 0.015 0.02 0.016

CRIy 0.013 0.01 0.01

CCI, & i 0.059

CClI, w " 0.096

ASIL & 3 0.025

ASL, A i 0.037

* value not reported in the literature

where, AVp;, AV, are the variation in vy, vz, Algr, Alpe are the variation in g1, 22, AVyes1,

AV,epo are the variation in vyer1, Urer2, AViy, is the variation in vi,. Vor, Voo, Vier1, Vier2, Vins

Iy, Iy are the rated output voltages, reference voltages, input voltage and load currents.

As per the Figure 4.16], the performance indices of decoupled voltage mode controlled

CI-SIDO buck converter are calculated as

CRI, = 2015/% ~0.016, CRI, = %
ASI, = 040/—?/06 ~0.025, CCIL = %

TH-2784_146102037

= 0.023 (Experimental)
= 0.01 (Experimental)
= 0.096 (Simulation)

= 0.037 (Simulation)

(4.42)
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4.8 Conclusion

Table 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 4" order transfer functions of audio-susceptibility and
self-regulation of CI-SIDO buck get reduced to that of the 2"¢ 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
TH-2784 146102037
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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/TTA.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 [p.1f(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 (71, 7s2),

two current controllers G, G, and two PWM gains G,,1, G,,2. 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 (1, £ and two voltage controllers G,1, Gs.

The outer voltage loops regulate the output voltages vgi, vg2 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 (b) Here, it is considered Vi > Vpa, so
Dy > D,. The duty ratios of the switches are generated by comparing the output signal of

current controller vg;, v4o with the ramp signal vygpmp.

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
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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

i Gian Gigiz| |da o Hin Hial| |i;
= T+ Din ) (5.1)
% Giaz1 Giaaz | | d2 Giga Hiio1 Hioz | |i02
From Figure the duty cycles generated from inner current control can be written as:
dy GG 0 Uen1 r1Ge1Gm 0 ’ZLl
| = = R (5.2)
dy 0 GeoGma | | Ven2 0 r2GeoGma| |ir2

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., 0, = t01 = lg2 = 0 and is written as

’ !

All A12

i1 _ | Ty 1T Ver (5.3)
% Alz1 A/22 D
L2 G N e
where,
, Gia21Giq12752G c2G o
A =GuGri(Gigi1 —
1 1G (Gian 1+ Gia22Ge2G ot s2 (5.4)
Al o Gia21Gia12r7s1Ge1 G
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5.3 Proposed Decoupled Average Current Control of CI-SIDO Buck Converter

Gia12Gia2aT 520G 2 G2
1+ Gig22Ge2Gratso
Gia21Gia117s1Ga G
1+ Gig11Ge1Gmira
Gia21Gia1272G2Goma
1+ Gia22G2Gmarsa
Gia12Gia2171G 1 Gt
14+ Gia1Gea G

A/12 = G62Gm2(Gid12 -
(5.5)
A/21 = Gchml(Gid21 -

Till = Tschlel(Gidll -

Tilg = T52G02Gm2(Gid22 -

T;, and T}, 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 7},, T},

depends on both current controllers G;, Go. Thus, the design of G.;, G, is not independent.
5.3.1.1 Approximate Decoupling of Inner Current Loops

From (5.3), it is found that, if A}, ~ 0, Ay, ~ 0 then the inner current loops are decoupled.
From ([5.5)), it is found that if G;; and G, are designed such that,

|Gid11Gchm1T51| >> 1 and |Gid22Gchm2’l“52| >> 1 (57)

then the inner closed-loop reference control voltage to inductor currents relationship of ([5.3)

becomes as
. All A
11 T € Vel
= (5.8)
iL2 e 22| |0
where € — 0 and
A =GaGiGigr = A/n i A = GGraGigo = A;Q (5-9)
T = 151G GpiGiar = T¢/1 i Tio = 159G 2Gr2Giga = Tilg (5.10)

where, T, T;s are the approximated current loop gain transfer functions, Gj41, Gigo are the

approximated duty cycle-to-inductor current transfer functions. The expression of Gj41, Gigo
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5. Decoupled Average Current Control of CI-SIDO Buck Converter

are given by

"

Vin o

Gia21Giar2 (s + )
Gidl - Gidll - - 7 7 Ry
Gid22 g2 + s n + r_l) + 17
Lq C1 L1Cy

" . (5.11)

G = GignGiqiz Lo (s + 0_2)
d2 — 1d22 — G — ) 7 RQT'//
idl11 2 T2 T2 2
§ +S( 2+C2)+L202

From (j5.11), it is observed that approximated duty cycle-to-inductor current transfer functions

Gia1, Gigo is same as that of duty cycle-to-inductor current transfer functions of simple buck.
Therefore, if G.; and G, are designed satisfying , 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 i;q, 775 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
d, GG 0 Uen1 G Grars 0 Giann  Giaz| |da

A A

d2 0 G02 Gm2 @cn2 0 GCQ Gm2 T's2 Gid21 Gid22 d2

Gigi Hiinw Hiz| |t
@z‘n -

Giga Hio1 Hioz | |i02
(5.12)
Rearranging , we get
R -1
dy _ 1+ 710G G Gian T1G 1 G Giara GaGmi 0 Ven1
CZ2 T52G2Gm2Glian 1+ 759G 02GmaGia 0 GoaGma| |Oen2 (5.13)

751G 1 Gm1Gigt [ ] r61GaGmiHiinn 160 GaGmiHia | |t
Vin| —

TszGc2Gm2Gig2 720G e2GrmaHiior 152G 2GmaHiioo 102
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5.3 Proposed Decoupled Average Current Control of CI-SIDO Buck Converter

5.3.2 Effect of Decoupling on Outer Voltage Loops

The reference control voltages v.,1, ven2 to inner loops are given by outer voltage loops and

1S written as

Uenl _ Gy 0 Uref1 — B1vo1 B G 0 Urefi B1Gwn 0 Vo1
Uen2 0 Gul| |Vres2 — Bavo2 0 Gual| |Vres2 0 BaGua| |vo2
(5.14)

Using ((5.14)) in [5.13], we get

-1

Czl A 14+ 170G GrmGiann 761G GmiGiarz GGGy 0 @refl
622 752G 2GmaGiazr 1+ 152G 2GaGligaa 0 Ge2GmaGoy2 Upe 12
B1Go1Ge1Gma 0 Vo1 751G 1 G i Gigi {A }
- — Vin
0 B2G12G 2G o Vo2 TsQGchmQGng

751G 1 G Hiin1 751G 1 Ga Hijno 101
= (5.15)
752G 2GmaHiio1 752G 2Gima Hijoo 102

The output voltage is expressed as

Zvill Zvil? %01
Bin | + (5.16)

Zyio1 iz 202

o1 Guair Goara| |da N Gogt [

Vo2 Guazi Guaze ds Gng

Using (5.15]) in ((5.16)), and solving we obtain

1 + Blechlelel /32Gv2GCQGm2X12 @01 Gchmlelel Gc2Gm2G'u2X12 fﬁrefl

ﬁlechlelXQI 1+ 62GU2GCQGm2X22 QA}UZ GchmlelXZI GCZGmZGUQXQZ 6T€f2

Gvgl .
Vin
Gvg?

Zvinn L2 | |fo1 X1 Xio Gig1ms1Gea1 G ]

Zvi21 Zvi22 2.02 X21 X22 GngTSQGCQGm2 -

HiinrsiGaGra Hiinors1Ga G 101

Hiinr0G 2Gra  HiiooT0GoGra | | 202
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5. Decoupled Average Current Control of CI-SIDO Buck Converter

1 Goa12Gia21Ge2Gmars:
X11 = 7 (Gvdll -
1+T; 1+ Gig22GeaGrmaTs
Xy — 1 (G — Gua21Gia12G 1 Gmirs
1 + 7_;‘2 1 + Gz’dlchlelrsl (5 18)
P 1 (Gt — Guan1Gia12Ge1 Gmirsa '
2T, T 4 Gt GaGraa
Xy = 1 (Gl — Ga22Gia21 G e2Gmarso
1+1T; L+ Gia22Ge2Gmars2
Using the expression of all transfer function in (5.18)) and applying (5.7 , we get
Gvdl Gvd?
X1~ ~~ Xio~0, X010 5.19
11 1 + 7—; 9 22 1 r 7—; 9 12 ) 21 ( )

where, G,q1, Guq2 are the duty-cycles to output voltage transfer functions of simple buck con-

verter and are given by

Vzn7';< 1
TI.o\S8 T o )
Gogj = Li — where, j = {1,2} (5.20)

2 4L 975
s +s(Z+3)+ 5,6

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 0y, = 101 = 492 = 0, applying (5.19) and is given by

ﬁlelGCIGmledl N leGchmledl N

1+ 1T, 0 Vo1 - = 1+, 0 Urefl1
B2Gv2Gc2Gm2Guaz A Gu2GeaGmaGugo ~

0 1+ 14Tz V02 0 14Tz Uref2

(5.21)

Solving ([5.21]), we obtain the approximated closed-loop reference voltage to output voltage

transfer functions as

N B ~
Vo1 ~ 1+1r11v1 0 Urefl (5 22)

{102 0 1?_2'1212 ?A}ref2

where,
leGchmledl GUQGCZGmQGvd2

B = - Boy = 5.23
11 1 + jjﬂ ) 22 1 + 712 ( )
Ty = 1By 5 Ty = 338y (5.24)
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5.3 Proposed Decoupled Average Current Control of CI-SIDO Buck Converter

Ty and T3 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 Upep1 = Upefa = %01 = %02 = 0, applying (5.19) and is given by

1+T 0 Vo1 Gogi f;%j‘ill 0 GigiTs1Gea1Gm
0 1+T15| |0o2 Gugo 0 | |GiraGatm

Solving (5.25)), we get the approximated closed-loop audio susceptibility Gug1—ci, Gpga—a as

G = ?A)Ol - 1 (G - rslechlGigledl)

g @in CL 1+ Tl g 1+ 71.1 (526)
G = @ oL (Ggs — TSZGm2G02Gig2Gvd2)

vg2—cl @m oL T T2 vg2 1+ ﬂ2

It is to be noted that when current loop is absent (7j; = T;2 = 0), the expression of Gyg1—,
Gyg2—a become same as in voltage mode control (VMC). It is observed from ([5.26) that inner
current loop provides addition attenuation to G41, Guge. 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

{)refl = @ref2 = Ujp = 07 applylng " and is given by

1+1 0 o1 N Zyin  Zvina ﬁ”ﬁ 0 HiinraGaGmr  Hinara GaGm g01 (5 27)

N a A
0 14Ty |02 Zvizt  ZLviza 0 | [Hunrs2GeoGme  HinorssGeaGme 202
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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

g 621 ~ 1 (Zuin 7’51Gm1Gc1Gud1Hii11>
—01lcL 1+T L+ T, (5 28)
7 o2 -~ 1 z 752G m2G2GoazHiina ) '
vi22—cl = TA N (L2
—t2ler, 112 1+ T
The approximated closed-loop cross-regulation as
D 1 s1Gm1G a1 Goar Hi;
Zyi12—cl = 7301 ~ (Zm’u _ i 12)
02 lcL 1+ 14 Ti (5 29)
7 . Vo2 s (Z TsQGmZGCQGchHiiQI)
vi2l—cl — & ~ vi2l —
it lo, 1+ T L+ T

When current loop is absent (7;; = Tj = 0), the expression of closed-loop self and cross
regulation reduces and becomes same as in VMC. It is seen from that, inner loop provides
additional attenuation to Z,;12, Z,01. Thus, cross-regulation is improved with ACC. From
, it is worth noting that inner loop provides addition gain to Z,i11 ¢, Zpiz2—c- Lhus,

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 Ty, T;o. Substituting (5.11)), transfer function of controller and PWM in

(5.10[), we obtain

(1 + Cj(Rj + ch)S)(l + 2 )

Wej—z

T. — V;nrsjkcj
i

At high frequency, T;; is approximated as

‘/inrsjk:cj 1
L) ’

Wej—p

Tij"‘

~ h =1{1,2 5.30
Py where, j = {1.2) (530)

The phase of T}; with ((5.30) never gets beyond —180°. 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 |T;;| is high.
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5.4 Stability of Inner Current Loops

The sub-harmonic oscillation can be avoided by optimally designing |G.;| based on slope-
criteria [77]. The slope-criteria is that up-slope of G.; 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 i;; when Sp; is off is mpp; and off-time slope of i75 when St is off
is myro as shown in Figure (b) The magnitude of inductor current slopes are provided in

Table and the slopes mppy, mype are given as

V01+LM2V02 V02+LM1(Vm—V01)
——2— myp = ;
7 NF2 T

mrp1 =

The stability criteria becomes

Ger|rs M
|Galramer = Vinfs = | 2,' - (Vou + L_Voz) = Vinfs
’G62’rs2mNF2 = mes - Cz/ = (%2 + L_(V;n i %1)) — mes
2 1
solving ((5.31)) we get,
’G 1| = U = mesLll
‘ @'rsl Ts Vi +MV
. 5 O;J, 2 (5.32)
|G| = Y VinfsLy

Urs2 7"52(%2 + Lﬂl(‘/;n - Vbl))

The small-signal control to output gain (1;'“7511, a2 of CI-SIDO buck at high frequency are given

Vd2
by
ﬁrsl | Tsl‘/;n ﬁrs2 o TSQV;'n
by SVpL] ' g sViuLy
By multiplying (5.32)) with ((5.33) and setting equal to 1, the gain crossover frequency of G
(fcil) and G02 (fci2) are

(5.33)

[s
27T(D1 + LM2D2)

Js
2m(Dy + LM1(1 —Dy))

fcil = ) fci2 - (534)

To avoid the instability, the gain crossover frequency of G.;, G.o have upper limits as defined
in (5.34]). Substituting the circuit parameters in (5.34)), we get, fe1 = 19.8 kHz, f.o = 28.34

kHz. The correctness of stability requirement in (5.34)) is validated by simulating following four
TH-2784 146102037
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5. Decoupled Average Current Control of CI-SIDO Buck Converter

cases with different f.;; and f.o and the results are shown in Figure 5.3
Case A: fou1 =13 kHz < 198 kHz, fuo =27 kHz < 28.34 kHz
Case B: fu1 =28 kHz > 198 kHz, fus =27 kHz < 2834 kHz
Case C: fou =13 kHz < 198 kHz, fo0 =38 kHz > 28.34 kH~z

Case D: f;1 =28 kHz > 19.8 kHz, foo =38 kHz > 2834 kHz

. . . . . 0 . . . .
0.0457 0.0457 0.0457 0.0457 0.0457 0.0457 0.0457 0.0457 0.0457 0.0457
t(s) 1(s)
(a) Case A (b) Case B

|2} j2}
2 S - . . . . 2 _ S — , , , ,
5235/~>4—74t EE T w
E 8 E S
(RN al 1 R W S ¥
. - 7 [ =
2 5 =5 2,3 1 . — —
[= =} =1 N
£z EEZ

3 e »
o o L ) ’I_\ ) ! 4 ! i Im

N W Y e S i oY

: A Instabl:hty | I \ I < Instabilitly ﬂ\ I

i, A

[\

e
=]

L@

0.8 . . . . 0.8 L . . . .
0.0457 0.0457 0.0457 0.0457 0.0457 0.0457 0.0457 0.0457 0.0457 0.0457
t(s) t(s)
(c) Case C (d) Case D

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 G.; is to suppress the cross-coupling

effect and avoid instability.
5.5.1.1 Design Consideration

Following design considerations are used for designing G;:
(i) Decoupling of inductor currents: To decouple the inductor currents, G.; needs to be

designed satisfying (5.7)). In other words, the cross-coupling A,, = 0, if from (5.5

|Gid12| ~ 0
‘GidZQGm2rs2G02 |

|Gid21’ ~ 0
|Gid11Gm1Tsch1| ’

The above ratio is satisfied, if |G.;| — oco. Practically, it is not possible. Therefore, considering

|Gid21] =~ |Gid12]
|Gid11Gm17"sch1‘ ’ |G7‘,d22Gm2TSQGCQ|

= where v~ 0, |G|, |G| are given by

|Gligo1|
|Gz‘d11Gm1T51| *y

|Gid12|

G —
| c1| |Gid22Gm27’52| *

, |Gl = (5.35)

The decoupled inner current loop gain T;;, T at gain crossover frequency f.1, feo are given
by
’Gilechmlrslf =1 and ’Gidedszrsz’ =1 (5-36)

Using (5.35) in (5.36), fei1, feiz are found to be

1 VinM

fcil = fci2 = %’YLle

(5.37)

As v and f.;; are inversely proportional, larger the f.;, lower will be cross-coupling and faster

will be transient response. However, larger f.;; leads to instability problem.
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> f

Vi

> f
(a) (b) <40 dB

Figure 5.4: Bode plots of G4, loop gain Tj;, compensator G.;

(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 G; is to obtain highest crossover frequency f.;;, consistent with
stability criteria. f.; is related to speed of the system response and cross-coupling. Higher
the f.;; lesser the cross-coupling and faster the transient response. However, f.; has upper
limit based on stability criteria. Also, the desired loop gain at f.; should have -20 dB slope
with phase margin (PM) greater than 45°. Figure shows the circuit diagram of Type-II
compensator G; and bode plots of G4, Ti;, G.j. In Figure , farj, foj are the zero frequency,
resonant pole frequency of G,q; given by and fg;_., fej—p are the zero, pole frequency of

G.;. The design procedure is as follows:

e Step 1: Calculate the compensator gain: The compensator gain |G,;| is calculated using

(5.32).

e Step 2: Calculate the gain crossover frequency f.;: To reduce the cross-coupling, fg;
should be high being consistent with stability criteria. Thus, the f.; is chosen as given

in (5.34).

e Step 3: Place the compensator zero f.;_.: To achieve good PM, the compensator should

have flat gain characteristic at f.;; as shown in Figure . Thus, the compensator zero
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5.5 Proposed Compensator Design Procedure

Table 5.1: Design specification of the converter

Symbol | V; Vo, Voo Ch, Cy Ry, Ry Ter =Te2 | 1= B2
Value |10V | 6V,33V | 320 uF, 320 uF | 6 2,33 Q| 020 1/3
Symbol Vm sy = Ts2 Ll, L2 M fs

Value 5V 0.5 190 pH ,180 uH 130 uH 100 kHz

is placed at
1 f cij
27TCZ‘1TZ'2 - 3

fcj—z =

(5.38)

e Step 4: Place the compensator pole f.;_,: The purpose of the compensator pole is to

eliminate the switching noise spikes. Thus, the compensator pole is placed at

T cusigie. f,
2T Ci1Ci2T 42 2

fej—p = (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 (77, T3) are given in ([5.24) and can be approximated as

T. ~ Bijijdj
J G
s Gidj

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 (f;) is taken 1/10% of f.; [77], [78]. For good
transient response, i.e. less overshoot and less ringing, a phase margin (PM) greater than 45° is

required. Thus, to achieve PM of 55° at f.;, the parameters of the compensator are calculated

using
ij Gvdj ﬁj
Tsj Gidj

ij Gvdj Bj
Tsj Gidj

| | =1; 180° + /(

)= 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}, (b) T},

5.5.3.1 Design Example of Current Loops

The current compensator G.i, G, is designed as follows:
Step 1: Using circuit parameter in (5.32]),

k. s
1o 15.16 ; |G02|fci2 = -

cl—z cl—z

= 2051 (5.42)

|G01|fci1 =

Step 2: Using circuit parameter in , fei1, feio are found to be 19.8 kHz and 28.34 kHz.
Step 3: Using , zero of compensator G.1, G is placed at w.;_, = 41460 rad/s, we_, =
59355 rad/s respectively. From (5.42), we get ko = 628 « 103, ke = 1217.48 % 10°.
Step 4: Using , pole of the compensator G, G is placed at wei—p = wea—p = 314159
rad/s.

Thus, G., G is given by

o _ 028x10°(1+24%10%) 1217+ 10°(1 4 16.8+ 10~%) (5.43)
T s(1+318%1076s) T §(1+3.18% 107 5s) '

The bode plot of both actual (7},, T},) and approximated (T}, Tj2) current loop gains with
designed compensator G.1, G2 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 Gy, G in T}, Tjy. The PM = 61° of T}, is achieved at 13 kHz.
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Figure 5.6: Bode plot of uncompensated and compensated voltage loop gain transfer functions (a)
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The PM = 61° of T}, is achieved at 27 kHz. The low frequency gain is improved.
5.5.3.2 Design Example of Voltage Loops

The crossover frequency f.1, fe2 of voltage loop are selected as 2 kHz. From Figure [5.6] the
£, = —11 dB, |Gy

magnitude and phase of Gy = S, Guio = g”jj is found as |Gyt

Giar’ fe2 =
., = 54.7°. Using the above value in (5.41) and solving

—11.2 dB and éGivllfcl = 56.60, ZGwQ
we get,

454 %103(1 + 117 % 10755)  47.8%10%(1 + 113 % 10755)

;G 5.44
s(1 + 54 % 10-5s) b s(1 + 56  10-55) (5:44)

le

The required PM = 55° is achieved with the designed G, G2 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]

TH-2784_146102037

111



5. Decoupled Average Current Control of CI-SIDO Buck Converter

|
a1
o O

-100

—-200
360

180

Phase (deg) Magnitude (dB)
o

-180

10
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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 Z,;12—«, audio-susceptibility Gyg1-q, self-regulation
Zyi11—a- Figure 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.

M'Ioﬁe-(%%réi_tl}}l% fggb%e%ulatlon with ACC is worse compared to VMC. The reason is that the
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5.6 Simulation Results and Analysis
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Figure 5.8: Simulation results of steady-state i1, i12, vo1, Vo2

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 vg; and v
at 6 V and 3.3 V with voltage ripple Avg; = 40 mV, Avge = 39 mV which is less than 3%.

5.6.2.2 Dynamic Performance

Load regulation: Figure shows the simulation results for step change in load current.
Figure (a) shows the simulation results for step change in ip; from 1 A to 2 A keeping igo
constant at 1 A. It is observed that due the step change in iy, the output voltage vy; under goes
undershoot (self-regulation) of 0.2 V with settling time 0.4 ms and v 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 igps from 1 A to 2 A keeping ig; constant at 1 A. It is
observed that the vy; under goes overshoot (cross-regulation) of 0.03 V with settling time 0.08

ms and vge under goes undershoot (self-regulation) of 0.18 V with settling time of 0.4 ms.
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Figure 5.9: Simulation results for load regulation (a) Step change in ig; (b) Step change in igy
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Figure 5.10: Simulated results for cross-coupling (a) Step change in v,.f1 (b) Step change in vye o

Cross-coupling: Figure |5.10|shows the simulation results for step change is reference voltage.
Figure m(a) shows the simulation results for step change in v,ef from 2 V to 2.2 V. It is
observed that when v,.s; changes from 2 V to 2.2 V correspondingly vy, changes from 6 V to
6.6 V with negligible cross-coupling effect in vgy of about 0.04 V with transient time 0.35 ms.
Similarly, for step change in v,.fo from 1.1 V to 1.3 V, vge change from 3.3 V to 3.9 V and vy,

experience negligible cross-coupling of 0.05 V with transient time 0.15 ms.
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Figure 5.12: Experimental results of steady-state waveform of ir1, i1, vo1, Vo2

Audio-susceptibility: Figure [5.11]| shows the simulation results of output voltage for step

change is input voltage v;,. It is observed that for step change in the input voltage v;, from 10

V to 14 V, the output voltages vy; and vye 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 gives the experimental steady-state waveform of output voltages (vo1, vo2) and

inductor currents (iry, iz2). The vg1, voe 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) ig1 (b) g2

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 vy, is 0.2 ms,
when ig; is changed from 1 A to 2 A with i = 1 A; vg; undergoes an undershoot (self-
regulation) of about 0.2 V, and vy experience overshoot (cross-regulation) of about 0.02 V
(shown in Figure [5.13|(a)).

Similarly, the transient response time of vy is 0.2 ms, when igy is changed from 1 A to
2 A with igy = 1 A; vg undergoes self-regulation of about 0.12 V, and vy; 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 v,.s is changed from 2 V to 2.2 V, vy changes
accordingly from 6 V to 6.6 V, and vgy experiences negligible cross-coupling. Similarly, it can
be observed in Figure (b) that, when v,¢f2 is changed from 1.1 V to 1.3 V, vy, changes
accordingly from 3.3 V to 3.9 V, and vy; experiences negligible cross-coupling. This shows that

the proposed controller is able to reduce the cross-coupling effect.

TH-2784_146102037

116



5.7 Experimental Results

Voer=2 V- ¢ V2.2V, 7
Vo (A Y o o LIV Vie=1.3V
s i I W7t BN (7o KL
Vi ikl Y R WS 73
N 1 M w
(a) W

Figure 5.14: Experimental results for step change in (a) vyef1 (b) Vpef2

=10V V=14V

VOI - %I%V
Vor=3.3V

3, T v e L

M 250
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5.7.2.3 Audio-susceptibility

The experimental result for step change in input voltage is shown in Figure It is

observed that vg1, vg2 experience negligible audio-susceptibility effect, when v;, 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] 138 [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 4.8V 20V 10V 10V 10V
Output 33V, 12V 12V,8V 5V, 33V 6V,33V 6V,33V
Load 01A01A | 1.2A-24A [25A1.1A 05A-3A 1A-25A,
current 0.8 A-20A 05A-3A 1A-25A
Output power 0.45 W 39 W 16 W 28 W 24 W
fs 100 kHz 100 kHz 50 kHz 100 kHz 100 kHz
SRI; 0.033 0.014 2 0.03 0.033
SRI, 0.03 0.019 % 0.024 0.036
CRIL; 0.015 0.025 0.04 0.016 0.008
CRI, 0.013 0.01 0.006 0.015 0.006
CClL, 3 0.27 * 0.059 0.046
CCl, * * * 0.096 0.12
ASIy * * * 0.025 0.016
ASI, * * * 0.037 0.022

buck converter are calculated as follows

AV /Vor _ 0.2/6 AVia/Ves  0.12/3.3

SRI; N 1 0.033 , SRI, N 1 0.036 (Experimental)
AVoi /Vor - 0.05/6 AVis/Vos  0.02/3.3 ,
CRI; N /1 0.008 , CRI, Aoy /Ton 1 0.006 (Experimental)
AV Ve 0.04/6 AVi/Ves  0.03/3.3 L
ASIL = = =0.016 , ASL, = = = 0.022 1
STy N 1710 0.016 , ASI, N 1710 0.0227 (Simulation)
A : A .04/3.
oct, = AVou/Vor  005/6 15 ey, - _AVe/Ve 004/3.3 0.12(Simulation)

AViepa/Viepa  0.2/1.1 AVies1/Veesr  0.2/2

(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
(.2l 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-

2

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 de-de 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 The
output voltages vg1, vo2 are regulated by controlling the duty cycles dy, ds of switches Sy, Sto
respectively. The two switches Sp1, Sro can operate in four different state and thus converter
has four modes of operation, i.e., Mode I (Sr1, S2 ON), Mode II (S7; ON, Spo OFF), Mode III
(St1, St2 OFF), Mode IV (S OFF, Srs ON). In CI-SIDO converters, at the given operating
points D, D, the converter can operate in three modes of operation. Based on the relation of
duty cycles Dy, Dy, the CI-SIDO converter can operate in three cases, i.e., Case A: Dy > Do,
Case B: Dy < Dy, Case C: D; = D,. 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 iz; in Mode I, II, III, IV
are denoted as mynj, mnrj, Mprj, Mpn; respectively and are given in Table . Here 7 =1
denote ir1, 7 = 2 denote irs. From Table it is observed that the slope myy; is always
positive, slope mpp; is always negative and slopes myr;, mpn; 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
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Inductor currents NN FF NF FN
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Figure 6.2:

Waveform of inductor currents of CI-SIDO converters for Case A: D; > Ds, Case B:

Dy < Dy, Case C: D1 = Do

the waveforms of duty cycles and inductor currents for three cases with different possibility

of inductor

current slope pattens. It is observed from Figure 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) myg1 > 0, mypa < 0 (b) myp1 > 0, mype > 0 (c) myp1 <0, mypz > 0
(d) myr1 < 0, mypg < 0

includes two control loop, i.e., control loop-1, control loop-II for controlling two switches Sti,
Sto. Each control loop consist of inner current loop and outer voltage loop. Outer voltage loops
are formed by feedback gains /31 /5> and controllers G, G which are responsible to generate
the reference control signals to inner loops. Inner current loops are formed by two equal current
sensing resistances r, clock input clk, slope compensation m.;, m., comparators CM-1/CM-II
and SR flip-flops SR-I/SR-I1.

Figure 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 Ty, clock clk set the SR flip-flop to output high

level. Thus, switches S7i, S7o are turned on which causes inductor current iz, izo to rise with
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slope my 1, myne, respectively. When iy increases to reference control signal i, = v /7,
the output of comparator resets the SR-II to output low level. Thus, switch Spo is turned off,
diode Sps turns on and slope of irs changes to mygs. Due to coupling of inductor currents,
the slope of i7; also changes to myg;. Similarly, when 47, increases to reference control signal
i*,1 = vk /T, the output of comparator resets the SR-I to output low level. Thus S is turned
off and Sp; is turned on which causes the slope of iy, decrease to mpp;. Due to coupling, the

slope of i75 also changes to mpps.

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
[6.4f 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, Lo, k), input voltage and output voltages as shown in Table . As a result, various trends
of inductor current slopes are observed, as shown in Figure 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 > Dy (b) Case B: D1 < Dy (C) Case C: Dy =Dy =D

modulator expression for three CI-SIDO converter topologies is easy. Therefore, to obtain the
waveform of inductor currents as shown in Figure in the range of operating point (Dy, Dy),
the coupled inductor parameters (L, Lo, k) are designed such that inductor current slopes
myr1 > 0, mype < 0, mpy1 < 0, mpne > 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., myp1 > 0, myps < 0, mpy1 < 0, mpno > 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 7,1, ten2, inductor currents ir;, ir2 and effective voltages vofy1,
Uoff2 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 v,7s proposed in [84]
for de-dc converters can hold good for CI-SIDO converters. Thus, the v,rf1, vofpo is related

directly with input voltage v;, and output voltages vgy, v as

Voffl = Q1 Uin + P1U01 5 Voff2 = QUi + P2V02 (6.1)
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6. Unified Model of Peak Current Mode Controlled CI-SIDO Converters

where, aq, ag, p1, p2 € {0,1} and for
CI-SIDO buck: a; =as =1, py = p2 =0
CI-SIDO boost: a; =as =0, py =ps =1
CI-SIDO boost and buck: a; =0, py =1, aa =1, po =0

Figure shows the waveforms of inductor currents i1, izo and is considered to derive the
current modulator expression in this thesis. The geometry of the waveforms shown in Figure
provides the fundamental information to obtain the current modulator model. From Figure

the relation between the reference control current and inductor currents are given by

tent — MadiTs = i1 + Aipy
(6.2)

ten2 — Meado Ty = ipo + Aipg

where, i1, 172 are the inductor current averaged over switching period, Ay, is the difference
between average, peak value of i;; and similarly Ais is the difference between average, peak
value of i79.

Since, the inductor currents averaged over switching period i1, i1 lies exactly at the middle
of the ripple band [88|, the Air;, Airs can be obtained by averaging the area covered by the
ripple band.

The expression of Aipy, Airs for Case A is given by

. Ts Tg TS
Aipy = ?mNNld% + ?mNFl(dl —da)® + muynida(dy — dy)T, + ?mFFl(l —dp)? 63)
6.3
. Ts TS TS
Aipy = Emdeg + ?mNFZ(dl —d2)? + mppa(l = dy)(dy — do) Ty + ?mFF2(1 —d;)?

Using the expression of slopes given in Table in (6.3) and simplifying, the expression of
Airq, Airs for three CI-SIDO converter topologies are calculated and are given as follows:

CI-SIDO buck converter

. T M
Nipy = —(dy (1 — dy)vi, + —do(1 — d2)viy)
2L Lo (6.4)
. T M :
AZLZ = 2—[/,2(d2(1 — dg)vm + L—ldl(l — dl)’l)m)
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6.3 Unified Model of Current Modulator

CI-SIDO boost converter

) T, M
Airy = —(di(1 — dy)vor + —da(1 — da)vo2)
2L, Lo (6.5)
) T M '
Aips = 2L —(d2(1 — da)ves + L_ldl(l —dy)vo1)
CI-SIDO boost and buck converter
. T, M
Aipy = —(dy(1 — dy)vor + —da(1 — da)vin)
2L Lz (6.6)

M
—dl(l — dl)”Ol)

, T,
Aips = —(da(1 — do)vip, + I
1

2L,

The expression of Aiyq, Airs given in , , remains same for Case B and Case C
as shown in Figure

The Airy, Aigy for three converters can be expressed in terms of effective voltage voss1,

Uorr2 as given in (6.1)) to obtain a unified ripple expression as

. g M
AZLl = —,(dl(l — dl)voffl —+ —d2(1 — dg)voffg)

, an. M '
AZLQ 2L (dg(l — dg)voffg —|— L_dl(l — dl)voffl)

Using (6.7) in (6.2), the unified current modulator equation of CI-SIDO converter under PCM

control can be written as

) T, M
iemt — M di To = iy + —(did; Ugffl + —dyd, Voff2)
2L Lo (6.8)

: e M
beny — Meada Ty = g9 + — (dodyvofsa + —dldlvofﬂ)
where, d| =1 —dy, dy = 1 — d,
Equation is a unified large signal expressions of current modulator which describes

how d;, dy are generated. The unified small-signal expressions of current modulator is obtained

by applying perturbations and linearisation. Let

tenl = Lent +lent 5 Gen2 = Len2 +ien2 , top1 = Ipn +ip1 , tp2 = Iro +ipo (6.9)
.9

dy = D1+d17d2 D2+d2> Vin = Vip + Ui,

Substitution of in and separating the DC part, first order ac terms and neglecting
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6. Unified Model of Peak Current Mode Controlled CI-SIDO Converters

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

T, / M /
[cnl — [Ll = mchlTS + _2L (D]Dl‘/;)ffl + _L DQDQ‘/;)fo)
2

Tl Iy (6.10)
Ienos — Io = My DoTs + == (DaDyViyp o + —D1D V1)
oL, I

The small-signal expression of current modulator is given by

. . Vospi(L=2D1), » DD . MV,spa(1 —2Dy) = MDyDj,

cnl — = c Ts 7 d 577 7 Yo 7 7 o
tent = a1 = (maTs + =5 —2)dv 4 Sre Gopss + =5 P — Gt o e Gors

. . Vorpa(1—2D5) 5 DyDy ~ MV, (1—2Dy) » MDD .

cn2 — - c Ts 7 7 0 7 7 o
tenz = iz = (MeeTs + =5 n =) + S Bop e = P —— i+ g o
(6.11)

Equation (6.11]) can be re-written in matrix form as

di|  |2Lme + Voppa(1—2D)) Aeii2 (1 — 2D,)

dy SLRL (] — 2Dy) 2Lymes + Vg pa(1 — 2Dy)
2L - A /' MDsD:. .
0 % %cn2 - %L2 %llDl D2D/2 @off2

Solving (6.12)) we obtain the unified small-signal model of current modulator as

Cfl _ fmll _fm12 fcnl g le _ kvll kv12 {)offl (613)
d2 _fm21 fm22 ich _ Z-LZ kal kv21 ﬁoff2
Using (6.1) in (6.13), we can rewrite the unified small-signal model as
6{1 _ fmn _fm12 fcnl - fm B Fvii koiz a1V + P1001 (6.14)
ds —fm21 fm22 len2 — 112 Fvor  Ku21 (Ui, + P2V02

Where, fi11, fin22, fmi2, fme21 are the modulator gains and k.11, ky12, ku21, kvoo 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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6.4 Unified Model of Peak Current Mode Controlled CI-SIDO Converter

Table 6.2: Modulator and feedforward gains

Without Slope compensation
f _ 2L1/Ts f _ ]Lffmll f _ 2L2/Ts f _ Ajfm,??
.mll*‘/;)ffl(172Dl)7 Jml2 — Ll ) 'm227‘/;;ff2(172D2)7.m217 LQ )
Dy(1 — Dy) Di(1 - Dy)
kv = R 7k1) = kv =0
22 Virra(1— 2Dy) 11 Vo (L—2Dy) 12 21
With Slope Compensation
MVypp0(1 —2Ds)
P 1T, fo = 2L, L, i
M Vun(-2Dy)  RVEL(1-2D)(1=2D;) T V(1 —2Dy)
% 2L, 7 Vorra(1 = 2Dy) @ 2L,
4Lg1 Lo(meo + T)
2
MV, (1 —2Dy)
Foony = 1/Ts fol 2L Lo Jm22
m22 — 3 m2l —
Vorra(L=2D5)  k*V3s (1 —2D1)(1 = 2Ds) Vorpi(1—2Dy)
Mea + 7 - me1 + - ar’_
2L, 7 Vorpi (1 —=2Dy) 2L,
4L Ly(me + ——+—)
2L
T.D,D, k2Vy12(1 = 2Ds) T.Dy D, K2V (1 —2Dy)
kvll = Tfmll 1- 2Lr 7k'022 = 7/fm22 15§ 7
1 QmCZ 4 ‘/afo(l — 2D2) 2L2 2L1m,;1 —+ ‘/offl(l —_ 2D1)
T.MD,D, Vosra(1 — 2Dy) T,M D, D, Vospi(1—2Dy)
k7112 — 7/.]0717,11 1—- 7 7kv21 = 7/](71'122 1 7
2L2L1 2L2m02 —+ V:,ffg(l — 2D2) 2L2L1 2L17TLC] -+ V:)ff] (1 — 2D1)
where,
For CI-SIDO buck converter: Vs = Voppa = Vi
For CI-SIDO boost converter: Vorp1 = Vor, Vorre = Vi
For CI-SIDO boost and buck converter: Vorp = Vo, Vorre = 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 shows the unified small-signal block diagram model

for PCM controlled CI-SIDO converter with only inner loop closed.
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CI-SIDO
Converter Model|

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 | V; R, Ry Ly, Ly, M Ch, Oy fs
values W0V | 5050 | 112 pH, 70 pH, 40 pH | 320 pF, 320 uF | 100 kHz
CI-SIDO Boost converter
values | 5V |15 Q15 Q[ 112 pH, 70 pH, 40 xH | 220 pF, 320 pF | 100 kHz
CI-SIDO Boost and buck converter
values | 5V | 1503 Q | 112 uH, 70 pH, 40 pH | 320 pF, 320 pF | 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

~

i 0 0 -t o |[] [P A,
R k1 2Lk ) l;\iD) k1l 2LEk1 R
Wi |2 0 -z 0 | |én 0 o 0 | |
2| |0 & 0 —gml %] | 0O ] 0 0 |
(6.15)
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6.4 Unified Model of Peak Current Mode Controlled CI-SIDO Converter

»| CI-SIDO Buck

Figure 6.7: Peak current mode controlled CI-SIDO buck converters with only inner loops closed (a)
Circuit diagram (b) Small-signal model

< st = =
\-:‘5‘ V01—5.33 \%
0
~ 5
= 3.3V
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° o 02

0 0.001 0002 0.03 0.004 0.005 0.006 0.007 0.008 0.009 0.01
t(

Figure 6.8: Simulation response of inductor currents, output voltages at I.,1 = 1.4 A, Ipo =1 A

(circuit simulation (in blue), small-signal model simulation (in red))- PCM controlled CI-SIDO buck
converter

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 is validated using simulation results. The simulation is
performed in MATLAB SIMULINK environment. The converter parameter used in simulation
are shown in Table and slope compensation considered are m. = mg = 27000 V/s.

Figure shows the simulation response of linear small-signal model and non-linear circuit
model for reference control inputs 7.,,;1 = 1.4 A, i, = 1 A. It can be seen from Figure that

the response of small-signal model matches with the switching circuit model almost perfectly.

TH-2784_146102037

133



6. Unified Model of Peak Current Mode Controlled CI-SIDO Converters
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Figure 6.9: Experimental and small-signal response of inductor currents and output voltages for step
change in I, from 0.38 A to 1.6 A keeping I.,2 = 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 shows the experimental
and small-signal response of inductor currents and output voltages for step change in reference
control signal I.,; from 0.38 A to 1.6 A keeping I.,o = 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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=00V, i
L Y Y Yo A

CI-SIDO Boost
Converter Model Vo2

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 m(b) is derived in chapter 2 and is given

by
_ _ A o arad _ .
: 0 0 =0=Dy -—M@-Dy] [: (1+7) Voo MV
2 L LoL] 12 L Ly Lol
M
s —M(1-Dy) —(1-D ~ A+4) A
d (%) 0 O ( 7 1) ( 7 2) 112 /L1 _MV01 VO/Q dl
LiL L L L, L
J— — 1Z55) 2 _|_ 2 @ _|_ 1Lo 2
dt | - 1-D 1 . o I d
— 1 - - 1
Vo1 o 0 oE 0 Vo1 0 <= 0 2
o 1-Dy =1 i )
| Vo2 | i 0 o 0 G | [Yoz) i 0 | i 0 o2 |

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 and slope compensations considered are m. = me = 35000

V/s. Figure shows the simulation response for step change in 7.,; from 1 A to 1.7 A keeping
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IL1: 1.37A
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Figure 6.11: Simulation response of inductor currents, output voltages for step change in I.,; from
1 Atol7 A and Ipo = 1.2 A (circuit simulation (in blue), small-signal model simulation (in red)) -
PCM controlled CI-SIDO boost converter

teng = 1.2 A. When i, is changed from 1 A to 1.7 A keeping i.,o = 1.2 A, I;; changes from 0.75
A to 1.35 A with I;5 = 0.85 A, Vj; change from 7.5 V to 10 V with Vos = 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|6.12shows the experimental and
small-signal response of inductor currents and output voltages for step change in reference con-
trol signal I.,; from 0.5 A to 2.2 A keeping I.,» = 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 I.,; from 0.5 A to 2.2 A keeping I.,o = 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

- — - - ~ M Dg \ — -

% 0 0 _w _i’ i a+ Lo ) VO/l MVZ?

L1 L LoL) L1 L Ly LI}

M

A M(1-D 4 (D2+17) . 5
d irs 0 o0 MLy _ 1|17, My Vi | |,
a _ LiL, L 4 L S R Y
dt o 1 Yin I 5

A —Dy . ~ —1r1

Vo1 o 0 TR 0 Vo1 0 - 0 dy

A 1 1 A

| Vo2 | i 0 & 0 —aml Y2 i 0 | i 0 0 |

(6.17)
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" CI-SIDO Boost
and Buck
Converter Model

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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Figure 6.14: Simulation response of inductor currents, output voltages for step change in I.,; from 1

A to 1.7 A and I p2 = 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 and slope compensations considered are
mer = Meo = 35000 V/s. Figure m shows the simulation response for step change in ., from

1 A to 1.7 A keeping i, = 1.3 A. When i, is changed from 1 A to 1.7 A keeping i, = 1.3

AT&E%%%?%&%{B%%S(%‘?? A to 1.37 A with I, = 0.97 A, V; 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 I.;5 from 0.35 A to 1.2 A keeping I.,;1 = 1.5 A - PCM controlled CI-SIDO boost and
buck converter

Voe = 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 I.,» from 0.35 A to 1.2 A keeping I.,; = 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 me = me = 0, Vorp = Vorre = Vin, Dopr1 = Uofp2 = Uin

and is given by

dA —2L1 2M 2 2L —2M 2

Y _ | TaVin(1-2D1)  TuVin(1-2D1) P | TVin(1=2D))  ToVin(1=2D1) !

d 2M —2Lo 5 —2M 2L :

2 ToVin(1—2D2)  TsVin(1—2D3) L2 ToVin(1—2D2)  TsV;n(1—2D3) cn2
Di1(1-Dy)
Vin(1—2Dn) .
D>(1—D>)
Vin(1—2D>)

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

i1 11 Qa2 @13 a4 i1 bii bz big A
~ ~ Vin
d |ir2 a1 Qg2 Qg3 G2 | |lL2 a1 bao bos .
% R = X + Tenl (6. 19)
Vo1 asy 0 ass 0 Vo1 0 0 0 R
icn2
@02 0 (005} 0 Q44 @02 0 0 0
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where,
_ -2 1 k2 _ 2M 1 1 _ -1 _ -M
ann = Ts(lka)(lf2D1 om; ) 12 = TSL;(172D1 op;)» 13 = o M4 = T
_ 2M 1 1 _ -2 1k _ -M _ -1
a2 = TSL;(l—QDQ 1—2D1)’ a2 = Ts(l—k:Q)(l—ZDz 1—2D1)’ U238 = o0 @24 = 77

_ 1 _ -1 _ 1 _ -1 6.20
a31_cl7 a33_C1R1’ a42_027 a44_C’2R2 ( )

_ 1 /Di(1-D1) , MDs(1—D3) _ 1 /Dy(1-D3) , MDi(1-Dy)
b = L_’l( i—lel + L2(21—2D22) ), b1 = L_’Z( i—zD; + L1(11—2D11)>

by = —aq1, bz = —a12, by = —agy, baz = —ax

Stability of the system depends on the eigenvalues of A, i.e., the roots of the characteristic

polynomial det(sl - A).

det(sI — A) = s* + azs® + azs® + a1s + ag (6.21)
where,
S 1 2/ 1 1
= gm t or + 7 o0 + 25

L 1 1 1 1 2 1 1 4 1
a2 = i L + CoL}, + C1C2R1 Ry + <C’2R2 + CIRI)(TS(1—2D1 + 1—2D2>> + T_SQ((172D1)(172D2)>

_ 1 1 2 1 2 1 2 1 1
ar = LiC1C2Ry y Ly,C1CoRy v TsLyCo (1—2D1) + Ts L) Ch (1—2D2) + T5R1R20102(1_2D1 + 1—2D2)
i 2 1 2 1 4 1
an =
0 L1L/20102 + TSL;0102R1 (1_2D1> - TsLllclchg (1_2D2) p- T3L10102R2R1 ((1_2D1)(1—2D2))

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 Dy > 0.5 or Dy > 0.5 or D; > 0.5 and Dy, > 0.5. For Example, considering the
circuit parameters shown in Table the coefficients of the characteristic equation are found
for three cases as:

Case 1: Dy = 0.52, Dy = 0.3, the coefficients of the characteristic equation are found as:
as = —4.49 % 10%, ay = —2.5x 10'2, a; = —3.389 % 10'°, ap = —1.139 * 10*®

Case 2: D; = 0.4, Dy = 0.6, the coefficients of the characteristic equation are found as:
az = 1250, ay = —9.999 % 10'2, a; = —1.228 % 10'%, ag = —3.759 * 1017

Case 3: Dy = 0.55, Dy = 0.6, the coefficients of the characteristic equation are found as:

TH-2784 01345162%898 *10%, ag = 1.996 * 102, a; = 2.351 % 10'°, ap = 6.907 * 10'7
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6. Unified Model of Peak Current Mode Controlled CI-SIDO Converters

This confirms that instability in PCM controlled CI-SIDO buck converter occurs when both

duty ratios (D;, Ds) 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 [6.16shows the simulated
waveform of reference current i.,1, t.n2, sensed inductor currents i1, 772, gate pulses and output
voltages vg1, vg2 which is obtained for different duty cycles.

Figure [6.16|a) shows the simulation results which is obtained at duty ratios D; = 0.48,
Dy = 0.33. It is observed that as D; < 0.5, Dy < 0.5 the waveform of inductor currents are
stable.

Figure [6.16((b) shows the simulation results obtained for duty cycles D; = 0.66, Dy = 0.33.
It is observed that as Dy > 0.5, 771 become unstable and due to the coupling i75 also became
unstable. Similarly, Figure [6.16|c) shows the results obtained for D; = 0.3, Dy = 0.66 and
is observed that as Dy > 0.5, 7179 exhibits sub-harmonic oscillation and due to coupling sub-
harmonic oscillation is also observed in iy;. 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 Dy = 0.66, Dy = 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 D; > 0.5 and

Dy > 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 Dy = 0.4, Dy = 0.2. Figure
6.17(b) shows the marginal stable waveform of inductor currents for D; = 0.24, Dy = 0.5.

Figure [6.17|(c) shows the unstable waveform of inductor currents for Dy = 0.6, Dy = 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, Dy = 0.33 (b) D1 = 0.66, Dy = 0.33 (c) D1 = 0.3, Dy = 0.66 (d) D; = 0.66, Dy = 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: Dy < 0.5, Dy < 0.5 stable (b) Case 2: D; < 0.5, Dy = 0.5 marginal stable
(c) Case 3: Dy > 0.5, Dy < 0.5 unstable
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6. Unified Model of Peak Current Mode Controlled CI-SIDO Converters

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 me = me = 0, Vorsn = Vor, Vorra = Vo2, Oops1 = Vo1,
Uofp2 = Vo2 and is given by

~

CZ —2L1 2M Z 2L —2M i
1 _ TsVo1(1—-2D1)  TsVpi1(1—2Dq) L1 + TsVo1(1—2D1)  TsVo1(1—2Dy) enl
5 oM —2L, 2 —oM DI 2
dy L2 Len2
ToVo2(1—2D3)  TsVoz(1—2D3) ToVos(1—2D3)  TsVoz(1—2D3)
D1 (1-D1) 0 )
T 1D Vo1
Vo1(1—2D
01 (1=2D1) (6.22)
0 Do (1—D>) 5
Vo2 (1—2D3) 02

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
a1 G122 A13 QAi14
Q21 (22 (23 Q24
A= (6.23)
az; azgx asz 0
asr agp 0 ay
where,
_ -2 . _ 2M T = 1
a = Ts(l—kQ)(1—2D1 1—21:)2)7 M2 = 777 (1—21:)1 1—2D2)
_ —(1-Dy)  Di(1—Dy) _ —MQ1-Dy)  MDy(1-D>)
Q3= "7 T Ta—n) M T T 07 T L
1 1\ 1) 24 2 1(1_2D2)
_ 2M 1 1 _ -2 1k
a1 = TSL;(I—QDQ 1—2D1)’ G2 = Ts(l—kz2)(1—2D2 1—2D1) (6.24)
_ —MQA-D1)  MDy(1-Ds) _ —(=Ds)  Dx(1-D>)
a23 = 7 7 ) 24 — 7 7
L L) L1L,(1-2Dy) L Ly(1-2D3)
a — (1*D1) + 2[L1L1 a — 721L1M a — ILlDl(lfDl) _ 1
31 C1 T.CiVo1(1—2D1)° 32 = T,C1Vor(1—2D;7)* 933 — C1Vo1(1—2D;) ~ CiR;
any — ———2oM o (1-D2) + 21150 auq — Jr2D2(-D2) 1
41 = T.CyVoa(1—2Dg) 2 42 Cs T.CaVoa(1—2D3)? 44 = CyVpa(1—2D3)  CaRy
The eigenvalues of A, i.e., the roots of the characteristic polynomial is given by
det(sI — A) = s* + azs® + aps® + a1s + ag (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, DQ = 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 D,
Dy and is found that when Dy > 0.5 or Dy > 0.5 or D; > 0.5 and Dy > 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 (D7, Ds) 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 shows the simulated waveform of reference current 7.,
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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) Dy = 0.48, Dy = 0.35 stable (b) D1 = 0.55, Dy = 0.4 unstable stable

l’LZ

len2, inductor currents ipy, iz, gate pulses which is obtained for different duty cycles. It is
observed that the waveform of inductor currents are stable for D; < 0.5, Dy < 0.5 as shown in

Figure m(a) and unstable for any one or both duty cycle greater than 0.5 as shown in Figure

6.18(b), [6:18(c), FI8(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 Dy = 0.48, Dy = 0.35 and Figure [6.19|(a) shows the unstable waveform of

inductor currents for D; = 0.55, Dy = 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 m. = me = 0, Vorpr = Vor, Vosre = Vi,

Uoff1 = Vo1, Uopf2 = Uiy and is given by
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d —20, 2M ; 2L, —2M ;
L | ToVor(1—2D1)  TuVou(1-2D1) L1 n TsVo1(1-2D1)  TsVo1(1—2D1) enl
cZ 2M —2L, % —2M 2L g
2 TsVin(1=2D3)  TsVin(1-2D2) L2 TsVin(1—2D3)  TyVin(1—2D2) en2
Di(1-Dy) 0 ~
Vo (1—2D1) Vo1
Vo1(1—2D
=20 (6.26)
O Dy(1-Ds) f}
Vin(1—2Dg) in

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

11 aiz2 Aaiz Qaiq

Q21 Q22 Q23 A4

A= (6.27)
az; asy asz 0

0 a42 0 g4

where,
_ —2 1k _ 2M i == 1
G = Ts(lfk2)<1—2D1 172D2)’ 2 = 777 <1—2D1 172D2>
. ‘(l—Dl) . Dl(lfDl) . —-M
d1s = =7 Li(1—2p,)’ M4 7 0]
_ 2M i 1 _ -2 Taed &2
a21 = TSL’Z(l—zDQ —op; ) 22 = Ts(l—k2)<1—2D2 —55;) (6.28)
_ —M(-Di) _ MDi(1-Dy) _ -1
423 P LiIh(1-2Dy) 924 = 77
_ (1-=D1) 201114 _ —2I11 M _ IpiD:i(1-D1) 1
a1 = "t T -2 %2 = Toive(1—2D) 0 3 = Cyvei(i—2D1)  GiR,
_ 1 _ 1
Q42 = ¢;» A4 = R,
The eigenvalues of A, i.e., the roots of the characteristic polynomial is given by
det(sI — A) = s* + ass® + az5® 4+ a1s + ag (6.29)

Note that the coefficients of the characteristic equation given in ([6.29) are function of Dy,
Dy and is found that when Dy > 0.5 or Dy > 0.5 or D; > 0.5 and Dy > 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 (D, Dy) 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, Dy = 0.45 (b) D; = 0.6, Dy = 0.4 (¢) D; = 0.3, D3 = 0.6 (d) D; = 0.6,
Dy =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 i.,1, ten2, inductor currents iy, ir2, gate pulses which is obtained for different
duty cycles. It is observed that the waveform of inductor currents are stable for D; < 0.5,

Dy < 0.5 as shown in Figure [6.20[a) and unstable for any one or both duty cycle greater than

O%ﬁ_sz%ﬁvz&gigégg?e (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 TEEE 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 and show the circuit diagram and small-signal block diagram model of PCM
controlled CI-SIDO buck converter, respectively. Figure 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 m.;, m. and gains
of current modulators f,11, fmo2, fmi2, fm21- The modulator gains are functions of slope
compensations. The outer voltage feedbacks are formed using two sensing gains 1, 2 and two

voltage controllers G,1, Gs.

Figure 7.1: Circuit diagram of Peak current mode control CI-SIDO buck converter
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7.2 Analysis of Peak Current Mode Controlled CI-SIDO Buck Converter

<>

—> Vo

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

ir1 Giann Giaiz| |da Gig1 Hiyn Hiio| i
N = ~ + Uin 4 (71)
12 Giaz1  Gigoo ds Gig2 Hiio1  Hiioo 202
The expression of all transfer functions in ([7.1)) are given in Chapter 2.
From Figure ([7.2)), the duty cycles are expressed as
dy fmir —fmi2 Ven1 — Tslr1 k?gl b
N = y A [ Vin
dy —fm21 fm22 VUen2 — TslL2 kg2
- -k (7.2)
fmir —fmi2 Vent fmi1Ts  —fmi2rs i1 kgl )
= . - ~ - Vin
—fm21  fm22 Ven2 —fm217s  fm2aTs b2 k?gQ

where, kg1 = kyi1 + k12, kg2 = kyaa + kyo1. The expression of modulator gains fri11, fm22, fmi2,

fmo1 and feed-forward gains k11, kyi2, kvo1, ku2e are given in Chapter 6.
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7. Design of Peak Current Mode Control for CI-SIDO Buck Converter

Using (1) in (7:2), we get

dy fmit = fmi2 Vent fmi1Ts  —fmials Giain  Giaiz dy
dsy —fm21 fm22 Vena —fm217s  [ma2Ts Giaz1 Gido2 dy
- (7.3)
Gigt| [ Hiinw Hiz| |t k| T
Vin + A - Vin
Gig2 Hiior Hijoo 202 k?g2 -
Rearranging ([7.3)), we get
1+ X X d; fmi1 —fmiz| | Pent Xigt| [ Yiiin Yiiiz | |t
o F ~ - Uin| — N
Xor 1+ Xy dy — fma21 fm22 Uen2 Xig2 Yiio1 Yiioo 202

(7.4)

where,

X1 = 7s(fmn1Gian — fn12Gian1); Xoa = 15(fin22Gianz — frm21Giarz)
Xio = 7s(fr1Gigiz — fm12Giazz); Xo1 = 75(fin22Giao1 — frm21Giann)
Xigt = kg1 + 75(frm11Gigt — fm12Gig2), Xiga = kgo + 7s(fin22Gig2 — frm21Gig1) (7.5)
Yinr = 7s(fmn Hinr — friaHinz), Yoz = rs(fmoaHiioz — fma1 Hitnz)
Yiie = 7s(fm1 Hiono — fonaHi2:), Yior = rs(fmo2Hiiot — fmo1 Hini2)
The expressions of 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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1 2 S 1
]{Z2CL2 (S + Rlcl)(s + RyCo + Leq202>

Mme1 + Qs Deno(s)

1 2 s 1
k2a1 (S + R202>(S + R1Cq + Leqlcl)

Me1 + a1 Deno(s)
Mo (S + Rlez) (82(1 —~ chiaQ) - Rlscl (1 B mcgim) + L1Cl(;?;132+a2))
Lo Deno(s)
2 a s a —a
MxOQ(S rt Rllcl) (S (1 B mcl-li-al) + RoCo (1 - mcli!‘al) + L2C2(mcl1+a1))
Ly Deno(s)
1 2 s 1 MD
Tsfm1Di (s + Rlcl)(s T me T L;CQ) . L2L/1012D1(
Ly Deno(s)
1 2 s 1 MD 1
Tsfszz (S + chz)(s + R1Cy + L'lCl) o L1L/2021D2 (S + Rlcl)
L, Deno(s)
2 s 1
rsfml (8 + R2Co + L;Cz) Vi — 7’sfmZ
LiCy deno(s) B G deno(s)
_’rsmeM ﬁ) - - _rsfmlM ﬁ)
LyL\Cy deno(s)’ ~" " LiLyCy deno(s)

Xi1 =z (1 —

1
R2Co

Xigl - kgl +

X’ng I kg? +

2 1
(S L= Rlsc’l + Lllc,l)

Y;‘ill =

Y;'in =

— (2 s 1 2 s 1 _ k2
where, Deno(s) B (8 + R1Cy + Lklcl)(s + R2Co + Lk202) Ly1Lp2C1C2
_rsVi fmll _ rsV; fm22 _ mn(1_2D1) N ‘/7.77.(1_2D2) y__ . kzaj -
T = B o =S e = S e =g L = (55 5 = 12
Solving ([7.4)), we get
Xig9X
i Lt s el (T = =il I DA Xigl =S50
1IC » 1+T7, 1+717, Uen1 1+17, 5
i L X f X i Xia1 X ;
i, s e vl B P Xigp—pii2 || Vin
1+Ti/2 1+Ti/2 " 1+Ti,2 (7 7)
Vg Yui21X12 oy Yiioa X9 '
1111 1+Xo9 %112 1+ Xgo A
14T}, 14T}, ‘o1
Y11 X Y;i10X
Yiio1— ﬁﬁ(lfl Yiioa— ﬂilfl %
1477, 1477, 02
where,
T - x X12Xo1 T — X X12Xo1
1= Al T Ty dpp = Ao — (7.8)
1+ Xoo I+ X

T;,, T}, 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 Till, Ti/2 and are given by (7.8). The
DC gains of X117 X22, Xll; X22 are

7sVin/R1 T —Mas| X
Xy| = / L Xy = Lﬁ
Me1 + a1 — 0T 1(m02 + a2) (7 9)
rs‘/in/RQTs —M01|X22| .
| Xoo| = Faar | X21] = Tt a)
mc2+a2—m Q(mc1+a1)

From (7.8)), (7.9)), it is observed that TZ/] becomes negative when m.; = 0, D; > 0.5, which lead
to instability of inner current loop. Therefore, to prevent instability of inner loops for D; > 0.5,

the slope compensations m,; are designed to make
| X11| >>0 |, |Xo| >>0 (7.10)

Applying, (7.10]) in (7.8), the current loop gains can be approximated as

/ Xi2Xo1
T, ~ X — X S S
292
(7.11)
/ Xi12Xo1 - o
Ty =~ Xog — X = 75 frm2Gidg2 = Tio
11

where, Gig;, fm; are the approximated duty cycle to inductor current transfer function, current

modulator gain and are given by

Vin 1 Vin Ik
aQ _ LR G _ oo (st
idj’ideal T 2y —=_4 1 idjlnon—ideal = 7 7 P
RaCj " LeqjC $24s(—d_ 43y 9T
(z.;te) T c; (7.12)
foni = 1/Ts
mj Vin(1—2D )
(mcri—mTjJ)

From (7.11)), (7.12)) it is found that the instability can be prevented if slope compensation

satisfies
Vin(1 —2D;)
2L

J

It is noted from (7.11)), (7.12)) that m,.; are inversely related with the DC gains and resonant

mcj

, for D; > 0.5 (7.13)

frequency of T;;. Thus, with large m.;, DC gains and resonant frequency of 7;; decreases and

the control scheme reduce to voltage mode control. So, m,; are designed to ensure faster current
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7.2 Analysis of Peak Current Mode Controlled CI-SIDO Buck Converter

loops and satisfy .
7.2.2 Analysis of Outer Voltage Loops

The output voltages of the converter is written in matrix form as

Vo1 Guan Guaiz| |da Gugt Zyinn  Zyinz| |lo1
_ - |+ . ) (7.14)
Vo2 Guazi Guaze ds Gvg2 Zvio1  Lyio 202
The expressions of all transfer functions in ([7.14)) are given in Chapter 2.
Using (7.7) in (7.14), we get
fm21X Fmo2X B Xig2aX12 ]
m| [em © e N e
Yor| vdll vd12 19558 147, Venl 147, .
— fm11 X fmi12X i X;q1X V;
o2 Guaz1  Guazz _ fmat ST Smantt R Den2 XSt | L7
/ / E wa "7
§ v e 14T}, o L T,
Eill—iyﬁ%%éf Yiim—iyifgéf A [ ] _A, i
147, =Y o1 Gug1 Zyinn  Zvinz| |lo1
Y, _ Y1 Xo 7 _ Yi10 X0 R = Vin - R
L &3 SV M & ST 102 Glg2 Zvior  Zuiz2 | | lo2
7 7 v, v (%2
1+T12 1+T12 4 L - - .

(7.15)

The reference control voltages v.,1, Venz for inner current loops are generated by the outer

voltage loops as shown in Figure [7.2(b) and is written as

@cnl le 0 Urefl1 — ﬁlUOI
— 4 (7.16)
ﬁcn2 0 G'v2 Uref2 — ﬁ2v02

Using ((7.16)) in (7.15]), and rearranging we get

1+ 61Gv1chll 62Gv2chl2 @Ol lechll GUQHUCIQ 7jv"efl

/BlG’U].HUCQ]. 1 + /BQG’UQH’UC22 602 leHv021 GUZHv022 ’Dref2

XigaX12
Xiglf g

1+Xo9
4 Gvgl Gvdll Gvd12 1+T./1 (7 17)
; N
o Xig1X21 V; .
G G G X2~ 585, "
vg2 vd21 vd22 —_—
1+Ti2
> Yii21 X12 > Yii20X12
7 7 o o Yin— 212 Vi, — 2312 .
vill vil2 vdl1l vd12 7 7 201
—+ _ 14T, 1475
Vi — Yiil1Xa1 oy Yig19Xon .
Zyio1  Luio Gui1 Goaze . 2 S . 2 T 102
vVl vl U v 1_'_,‘-[-,1/2 1+TZI2
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7. Design of Peak Current Mode Control for CI-SIDO Buck Converter

where,

Hye11 = | Goai1 fm11+

fm21X12 1+ X fonXa
Guai2 | fm21 +
XQQ 1+ X22
Hymy = ——— (G ( Sz + 172021 fm” f +
ve22 / vd22 m22 1+X11 vd21 m121 —|—X11 1 +X11

fmzzl + X11 fm12X21> — Gt (fm12 n fm22X12>)

1+ Xoo

ch = 7
2 ; 1+ Xp 1+ Xgp

1 1+ X fma1 X fm11 X
Hyeo1 = TTZIQ ( vd21 <fm111 +Xi + 1 _ilel12> — Gpaz (mel + e ket

Solving (|7.17)), we get the closed-loop expression as

A~ 1 _B2G’U2HUCI2 2
Vo1 B 147, (1+B2Gv2 Huco2) (14T} ) GuiHoar GuHyaz Urefl
* _51Gv1Hv021 1 ~
0 e H H 0
02 (1+/31Gv1chll)(1+T2,) 1—|—T2, le ve2l Gv2 ve22 ref2
Xig2X12 7
ngl_ 119
+X22 .
Gvgl Gvdll Gvde 1+T
+ — e i | | o | (719)
ig T+X
Gug2 Guaa1 Goaze X -
1+Ti2
ﬁi11—7Y§i2§<X12 sz—iyiﬂi(xm [
+X029 + 22 3
Zyin1  Zyi2 Goai1 Goarz 7 lo1
i y 1+T;, 14T,
Yiio1— Lﬁkle Yiizo— 7}/?4{%(){21 4
7 yA - G G 11 11 7
vi21 0122 vd21 vd22 1+Ti/2 H_7-;‘/2 i 02
/ ! . .
where, T}, T, are the outer loop gains and are given as
G /BQGUQH'UClQHUch
T Bl vl( vell =
1 + /BQGUQH'UC22 (7 20)
Blelec12ch2l

T 52 GUQ ( ve22 T

L + Blelecll
It is observed from ([7.20]) that the outer loop gain transfer functions Tl/, TQI depend on both

controller G,1, G2. 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

151G Hpar| >>1 ,  |BoGraHypeo| >> 1 (7.21)
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7.2 Analysis of Peak Current Mode Controlled CI-SIDO Buck Converter

Applying ([7.21)) in ([7.20)), the outer loop gains is approximated as

! ch ch
T =~ 31G o1 (Hyerr — %)
vc22 (7 22)
/ ch12Hv021 .
T, = B2Goo(Hyezo — H—)
vell
Using ([7.18]) in (7.22]) and applying (7.10), the approximated outer loop gains can be written
as
/ G’U m G’U T’U
leﬁl 1/m1 i _ L _p
T~ PoGuafmaGoae _ Too  _ '
g 1+ T 1+T ?

where, T; are the approximated outer loop gains, 7T); are the approximated voltage loop gains

and G,q; are the approximated duty cycle to output voltage transfer function. G4 is given by

/

Vin erj< L)
LeqjCj Leg; chcj
Gvdjlideal - 52 T S T 1 , Gvdj'non—ideal = - - R (724)
RiC; T LeqsC; 2+ (7 + &) + 1
I . <Leqj Cj) Leqjcj

Equation (7.23|) shows that G, is related to 77 and G, is related to Tp. Thus, the controller
design is independent. It is also observed from ((7.23), that the controller G.; directly affects

T,; and indirectly effects T}.

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 trep1 = Upefo = %01 = %02 = 0 and is given by

XigaX12
Xigt——+

A 1 —B2Gv2Hyc12 1+ Xoo
vor | 141} (1+B2Gu2Hye22) (1+T7) Gugt B Guoanr - Goara 1477, R
= Xig1X21 Vin
o2 —B1Gv1 Hye21 . 1 i Gou Gogrt  Godos Xig2— <%,
(1481Gv1Hye11)(14T,) 1+T, w9 v Y 147},

(7.25)
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7. Design of Peak Current Mode Control for CI-SIDO Buck Converter

Applying (7.10)), (7.21)) in ([7.25]), we obtain

XigaX12
Xigi——%—=

~ 1 Xoo

vor| gm0 Gugt B Goann Goarz | | —37,2— ) (7.26)
~ 1 X, 27Xiglx21 Uin, :

N ig2— —

Vo2 0 17 Gugo Goaz1 Goa T +T1-211

Using ([7.6)), expression of Gygi11, Guai2, Guaz1, Guazz in ((7.26)) and solving we obtain the closed-

loop audio-susceptibility as

~ p Yigl A e Y'ng
G _ Vot N (Gogt 1+Ti1> GQ _ Yoz ~ (Gug 1+_Ti2> (7.27)
vgl—cl — X ~ 1 T ) vg2—cl — =« i 1 T :
Vin CL + 11 Vin CL + 12

k M fmik k M fmok
Where, }/;gl = Gvdl(l_gkl; + Ll(lf_klg)?ciw + Giglrsfml)a }/ig2 = Gvd2<1_g]z2 + Lz(lf—k22)§”tnl + Gz’gQTsme)

Without feed-forward gains, i.e., kj = kg = 0, the closed-loop transfer functions are

simplified to

Gua1Gig17Ts fm1 _ Gya2Gigarsfme
G | ~ (Gvgl B 1+T5 ) G | ~ <Gv92 1+T52 ) (728)
vgt=ll =k 0=0 & 1+ 7, - Gugzalgy, —g,0=0 & 1+ T

It is observed from ([7.28)), that inner loop attenuates the gain of open loop audio-susceptibility
Glyg1/Gug2, as a result it improves the closed-loop audio-susceptibility Gyg1—c/Gug2—a. 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
@refl = ﬁ’/‘efQ = @zn =0, applylng " " and we get

1 Yii1— Yii}2(1X12 Yiia— Yii}2(2X12 R
3 — 22 22 ;
vor| | 1T3m 0 Zyint Zvir2 Guair Guaiz 14T, 157, 201
~ - Yii11X Yii12X
Yiioq — 411221 Y0 — 2412221 ~
A 1 4121 X 1122 X >
o2 0 5 Zyinn  Zyi2 Guao1 Guazz T T i02

(7.29)

Using ([7.6]), expression of Gya11, Guaiz, Guao1, Guaze in (7.29)) and solving we obtain the approx-

imated closed-loop load-regulation as follows:
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7.3 Stability Analysis of Closed-loop System

Approximated closed-loop self-regulation

~ 1 s fm GU Hn
Zvitt-a = vgl ~ (Zvinn + Tafrm1 Gt =)
B o (7.30)
Lsi = 602 —(Z o - TSmeGdeHiiQQ) :
vi22—cl _%02 oL 1+ TQ 0122 1+ 7_;2
Approximated closed-loop cross-regulation
0 1 s fro1 Goar Hii
Zyitg—a = 5| = e (Zitn = fll ? 12
102 lCL + 13 + Ty _—
A | = | 1 (Z TsfszvdzHim)
121 — — = ~ i21 —
on) c i01 y 1 + T2 v 1 n ’I'iz

It is observed from that, inner loop provides additional gain to the open loop self-
regulation transfer function (Zy11/Zyie2) and thus closed-loop self-regulation is inferior with
PCM control compared to VMC. Moreover, from 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 7j is related with voltage loop T,; and current

loop Tj; as
T .
T, 22 at low freq. [T >> 1
QS _sweard T 1Tl (7.32)
Ty;, at high freq. |T;;| << 1

From ([7.32)), it is observed that stability of 7T} depends on stability of 7;

ijs Tp;. Thus, if T,;
or T;; becomes unstable then 7T} also become unstable. The stability of 7;; depend on slope
compensation and stability of T; depends on controller design. Moreover, to achieve tight
regulation, good closed-loop stability and performance, the gain of T} should be high at low
frequency and low at high frequency with sufficient phase margin. For this, the G, are designed

such that T,,; should dominate over T;; at low frequency region and 7;; should dominate over

T,; at high frequency.
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7. Design of Peak Current Mode Control for CI-SIDO Buck Converter

Inner Current Loop Stability
As discussed in Section [7.2.1.1] the inner current loop gains become unstable when D; > 0.5.
The instability of T;; is prevented by the use of slope compensations. The inner current loop

gain transfer function is written in non-dimensional form as

T, —(1 t o) here, j = {1,2} (7.33)
ig = 4i % where, j = 1, .
P g Ky
oJ oj
er;—&—Lequ;/

where, Tyo = fin7sVin/ Rj, woj = Rjr;//CjLeqj, Wigj = r;//C’j, ¢ = QW.
Figure show the asymptotic bode plot of T;;. The inner current loop is inherently stable
with -20 dB slope at crossover frequency w.;; 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 w.;; needs to be placed at a higher frequency. The w,;; of T}, 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 T}, T;,; depends on the design of controller G;. To improve the low frequency
gain Type-II compensator is used. The transfer function of 7, is given in and is written

in non-dimensional form as

(1 + weir')(l + wc"s—z)
: s B L R (7.34)
S(1+ 22 4+ 5)(1+ )

oJ

Wej—p

ij = 6jfijchvdj i Tv

12

’
Cj’l”j-‘rLequj

1
where, Too = B fmjkejVin, Wesrj = 1as Woj = \| 1,650 G = N
Figure shows the asymptote bode plot plots of T;;, T,,;, T;. The compensator pole we;_,

is placed after ESR zero to ensure dominance of T;; at high frequency. The compensator zero

Wej—- is placed before complex pole frequency w,; to avoid conditional stability of T;.
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Figure 7.3: Proposed controller design (a) Circuit diagram of Type-II compensator (b) Desire char-
acteristics of loop gains T35, T, Tj

7.4 Proposed Controller Design Procedure

Based on the analysis discussed in Section Section 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 Tj;: Select w.;; between 0.2w, to 0.5w;

(ii) Determine the DC gain of Tj;, i.e., Tjo: From Fig. [7.3b) the DC gain Tj, is

20l0g(Tio) + 20l0g() — 20l0g(2<2) = 0 dB

idj Wioj
s Typ(edyiel )y Ty = e (7.35)
Widj  Weij Winj
(iii) Determine the required slope compensation m.;:
USiIlg " " n ,I%O - fmjrs‘/in/Rja the Mej is
ey = Vi Vinl ) (7.36)
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7. Design of Peak Current Mode Control for CI-SIDO Buck Converter

Equation ((7.36) clarifies that the condition (7.13) is satisfied for D; > 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 w.;_.: Place w.;_, before w,; to provide 90° phase boost for pre-
j j j

venting conditional stability of T,;. As a thumb rule, place w.;_, at

Wej—z = O.8woj (737)

(ii) Place Controller pole we;_,: Place w.j_, at wej_p, = 2w,s-; to ensure dominance of T;; at

high frequency.

(iii) Choose crossover frequency w,; of outer loop 7}: Select w,; of Tj less that wes, to ensure

faster inner current loop and good load regulation. Thus, w,; is

Wej = O.4w35rj (738)

(iv) Calculate controller gain k.;: Based on Figure [7.3|(b), the controller gain is

. TsWejWej—z

iy =
T wigBiR;

(v) Calculate circuit parameter of G.;: Use ((7.37)-(7.39) to calculate the controller parameter

(7.39)

(Tlu ro, Cq1, 02)
7.4.3 Design Example

The slope compensation and controller are designed using the circuit parameter shown in
Table [Z.1]
Slope Compensation Design: The inner loops crossover frequency are chosen as f.1 =
feio = 20 kHz. Using the circuit parameter values as given in Table in , the slope
compensations are found as m. = 20941 V/s, m. = 12827 V/s. Figure shows the bode

plots of current loop gains Tj;, Tj» and is observed that with designed slope compensation,

reﬁﬁl_rze%ﬁr_cisigiﬁﬁ 5§e7quency is achieved.
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7.4 Proposed Controller Design Procedure

Table 7.1: Design parameter of CI-SIDO buck converter

Parameter | V; Voi, Voo C1, Cy Ry, R Tel = Te2
Value 10V 5V, 33V 320 pF, 320 uF | 509,330 | 0.15Q
Parameter | 7, Ly, Ly M fs B1 = Bs
Value 0.5 | 190 pH ,180 uH 130 pH 100 kHz 1/3
o —_
S 2
> ~
S )
= s
2 oF -7 \ Y e v
R B JERIE
< 0= T -135 e\
~180
~180 102 10* 10° 10" 100

Frequency (kHz)
(b)

Frequency (kHz)
(a)
Figure 7.4: Bode plots of loop gains (a) T;1, Ty1, 11 (b) Tia, Tve, T

Controller Design: Using the parameter shown in Table , Wesrl = Wesr2 = 1/71C1 = 20833
rad/sec, w,; = 4000 rad/sec, wye = 4520 rad/sec, w;q = 607 rad/sec, wize = 906 rad/sec.

From ([7.38)), the crossover frequency of outer loop is found as f., = f.o = 1.32 kHz. Using

(7.37)-(7.39)), the parameter of G,1, G9 are calculated as w—, = 3200 rad/sec, k. = 13179,

Wea—» = 3616 rad/sec, ke = 15116, we—p = wea—p = 41666 rad/sec. The designed G,1, Gy

transfer functions are

15116(1 + 2.76 * 10~4s)

~13179(1 +3.125 % 10~4s)
s(142.4%105s)

= 7.40
G s(14+2.4%10%s) (7.40)

5 Gv? =

Figure shows the bode plot of loop gains. From Figure a), it is observed that with

designed controller, T7 follows T),; at low frequency region and follow T;; at high frequency with

phase margin PM = 86°. Same observation is seen for 75 in Figure [7.4[b) with phase margin

88°.
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Figure 7.5: Bode plots of closed-loop transfer functions Gygic1, Zvit2el; Zvitiel

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 [Z.1]

7.5.1 Frequency Domain Analysis

The closed-loop performance of the proposed PCM control is analysed using bode plots
of cross-regulation Z,;194, audio-susceptibility Gyg14, self-regulation Z,;114 as shown in Figure
. It is observed that the low frequency gains of Z,;1201, Gugia are lower than Z,;114 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 7,11+ 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 . Figure (a) shows the waveform of control inputs and gate pulses. As shown
in Figure (a), gate pulses dy, do are generated when sensed inductor currents rg1271, 7520z

reaches the control input ven1 — Usiopels Ven2 — Usiope2, respectively. Figure (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 vg; and vge 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 shows the simulation results for step change is load current.
Figure (a) shows the results for step change in ip; from 1 A to 2 A keeping igo constant at
1 A. Tt is observed that when ig; is step changed, vy experience self-regulation (undershoot)
of 0.2 V with settling time 0.8 ms and wvgy experience cross-regulation (overshoot) of 0.02 V
with settling time 0.1 ms. Similarly, Figure (b) shows the simulation results for step change
in 792 from 1 A to 2 A keeping ig; constant at 1 A. It is observed that the vy under goes
overshoot (cross-regulation) of 0.03 V with settling time 0.1 ms and v under goes undershoot
(self-regulation) of 0.2 V with settling time 0.8 ms.

Cross-coupling Figure shows the simulation results for step change in reference voltage.

In Figure (a), when v,..f; is change from 1.6 V to 1.83 V, vy, changes from 4.8 V to 5.5 V and
TH-2784 146102037

167



7. Design of Peak Current Mode Control for CI-SIDO Buck Converter

—

=< 3

< 2t

N 1

— 0

2

2 15

\1' 1

.— 05

2 3 2

N 31
S ‘ S

\/5' 0.17 Self-regulation VOl:SV >5| )

> 43 ' — 49
S 0.01V V =33V S

2, 33 -, 3.2
> 32 Cross-regulation : °

0.0495 0.05 0.0505 0.051 0.0495
t(s)

(a)

: — —~Self-regulation
0.05 0.0505 0.051
t(s)

(b)

Figure 7.7: Simulation results for load regulation (a) Step change in ig; (b) Step change in ig
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Figure 7.8: Simulation results for cross-coupling (a) Step change in v,¢f1 (b) Step change in v,cf2

Vg2 experience negligible cross-coupling effect of 30 mV with settling time 0.1 ms. Similarly, in

Figure [7.§(b), when v,¢s» changes from 1.1 V to 1.4 V then vy, changes from 3.3 V to 4.2 V

and vy 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 v;, is step changed from 10 V to 12 V, vg1, vg2 experience

negligible audio-susceptibility effect.
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Figure 7.9: Simulation results for audio-susceptibility (step change in v;,)
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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,
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Figure 7.11: Experimental steady state results
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Figure 7.12: Experimental results for load regulation (a) step change in ig; (b) step change in 72

gate pulses and iy, iz in order to explain the operation of PCM control. As shown in Figure
7.11f(a), clk sets the SR flip-flops, turns on the Sp1, Spo. When resets v,o is on, Szg is turned
off. When reset v,1 is on, Sp is turned off. It is observed from Figure (b) that the proposed
controller and slope compensation is able to regulate vy; and vge 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 ig; as shown in Figure|7.12|(a), the output voltages vy, experience self-regulation
(undershoot) of 0.16 V, vy experience a negligible cross-regulation of 0.01 V with settling time

200 ps. Similarly, for 100 % step load change in gy as shown in Figure [7.12b), vge experience
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Figure 7.13: Experimental results for cross-coupling (a) step change in v,.1 (b) step change in vy f2

self-regulation of 0.12 V, vy; experience negligible cross-regulation of 0.02 V with settling time

200 ps.
7.6.2.2 Cross-coupling

The response of output voltages vy, vpe for step change in reference voltage vyer1, Ures2
are depicted in Figure In Figure (a), when vy is change from 1.6 V to 1.83 V,
vo1 changes from 4.8 V to 5.5 V and wgy experience negligible cross-coupling effect of 20 mV.
Similarly, in Figure (b), when v, o changes from 1.1 V to 1.4 V then vy, changes from 3.3
V to 4.2 V and vy 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 vg1, vg2 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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Figure 7.14: Experimental results for audio-susceptibility (step change in v;y,)

Table 7.2: Comparison with existing methods of SIDO Buck converter

References 134] (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 48V 20V 10V 10V 10V 10 V
Output 33V,12V | 12V, 8V 5V,33V 6V,33V 6V,33V 5V,33V
Load 0.1 A, 1.2A24A | 25A, 1.1 A |05A-3A 1A-25A, 1A-25A,
current 0.1 A 0.8 A-2.0 A 05A-3A 1A-25A 1A-25A
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 i 444 us 150 ps 220 ps 200 ps 200 ps
SRI; 0.033 0.014 * 0.03 0.033 0.033
SRI, 0.03 0.019 K 0.024 0.036 0.036
CRIy 0.015 0.025 0.04 0.016 0.008 0.004
CRI, 0.013 0.01 0.006 0.015 0.006 0.003
CCIL * 0.27 * 0.059 0.046 0.029
CClI, 5 & * 0.096 0.12 0.042
ASTy * & * 0.025 0.016 0
ASI, x = i 0.037 0.022 0
* value not reported
are calculated as follows
AVpi/Vor  0.16/5 AV /Vez  0.12/3.3
SRI; = = =0.032, SRI; = : 3 = 0.036
AIOl/I(]l 1/1 A[OQ/IOQ 1/1
AVy/Vor  0.02/5 AVi/Vee  0.01/3.3
CRI; = = =0.004 , CRI; = = = 0.003
AIOQ/IOQ 1/1 AIOI/]OI 1/1 (7 41)
AVo1 /Vin AVoa /Voz
AST, = W70 g, AST, = 22702
AVin/Vin AVin/Vin
cct, = VeV D045 00y cop, = AVee/Vee 00233 ),

AViero/Vier2  0.3/1.1 AVier1/Viesr 0.23/1.6
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 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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7.7 Conclusion

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:

e 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/IIT compensator. Therefore, further research on controller

design for unstable non-minimum phase system is required.

e 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 myp1 > 0, mype < 0,
mpn1 < 0, mpno > 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.

e 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.

e 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.

e 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. Appendix A

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 shows the schematic
design of CI-SIDO buck converter circuit and its sensor circuit. Figure shows the PCB
design layout of CI-SIDO buck converter along with its sensor circuit. Figure shows the

prototype of CI-SIDO buck converter.

'3 - i u
i i o
o
o

i
|
|I.J.J.1|
]
|
lJJr]
| = |
]
]

(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.3: Prototype of CI-SIDO buck converter

A.1.2 CI-SIDO Boost Converter

Figure shows the schematic design of CI-SIDO boost converter circuit and its sensor
circuit. Figure shows the PCB design layout of CI-SIDO boost converter along with sensor

circuit. Figure shows the prototype of CI-SIDO boost converter.

A.1.3 CI-SIDO Boost and Buck Converter

Figure shows the schematic design of CI-SIDO boost and buck converter circuit and its
sensor circuit. Figure 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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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
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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 shows the schematic and PCB design layout of power supply circuit. Figure

shows the prototype of power supply circuit.

A.3 PCB Design Layout of Control Circuit

Figure shows the schematic and PCB design layout of peak current mode control

circuit. Figure shows the prototype of peak current mode control circuit.
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A.3 PCB Design Layout of Control Circuit

(a)

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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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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