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Impedance Modelling of DC-DC Converters
KE ZHANG

KUNYANG HUANG

Department of Electrical Engineering
Division of Electric Power Engineering
Chalmers University of Technology

Abstract

The DC-DC converters, known as the dc voltage regulator, are widely applied to
several power supply applications. Among these applications, in this thesis work, the
research is conducted on the dc part of a typical telecom power system at Ericsson,
where the circuit mainly includes the front-end converters and PWM dc-dc convert-
ers. In a telecom system, especially in the 5G telecom system with cutting-edge tech-
nology, some critical performances, known as the high stability and anti-interference
capability of the power supply, are required to guarantee a reliable telecom signal
transmission. Moreover, it is known that the input and output impedance of these
converters are tied up with the stability and anti-interference capability of the sys-
tem. To meet these requirements, the dynamic research, mainly referring to the
impedance modelling analysis, needs to be conducted on these converters.

According to the control schemes of converters, the thesis work is mainly distributed
into two parts: the LLC resonant converter with voltage mode (VM) control and
PWM dec-dc converters with peak current mode (PCM) control. For the LLC res-
onant converter, the extended describing function method is mainly employed to
derive and establish the small-signal model. Moreover, the application of the VM
control simplifies the closed-loop small-signal model establishment. For the PWM
dc-dc converter, the circuiting averaging is an efficiency method to derive the small-
signal model. The PCM control in this converter, as the popular control scheme,
consists of two loops: inner current loop and outer voltage loop.

In general, the research process of these two converters is formed almost in the
same way. To be specific, the physical meanings behind the small-signal impedance
models are illustrated, and used to explain the relationship between the Bode plots
and equivalent circuits. Furthermore, the comparisons and mutual verification of
analytical results from the mathematical model and the simulation results from the
simulation model, as the principle line, run through the whole study. Eventually, the
verified mathematical model and simulation model can serve as a tool to improve
the performance of stability and anti-interference capability in the power system.

LLC resonant converter, PWM converter, PCM control, VM control, Small-signal
model
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1

Introduction

1.1 Research Background

In recent years, the fifth-generation (5G) cellular networks have played an increas-
ingly significant role in telecommunication technology. The features of widespread
connectivity, remarkably low latency and high-speed data transfer contribute to a
better cellular network service for human beings [1]. Furthermore, this cutting-
edge technology requires a high reliable 5G power system for providing power with
fewer losses, less size and cost. To meet these requirements, there has been a se-
ries of well-designed power electronic circuits implemented in the 5G power system
at Ericsson, and one system architecture basically is composed of a power factor
correction (PFC) AC-DC converter, a front-end DC-DC converter and an isolated
full-bridge DC-DC buck converter.

Specifically, in the part of the AC-DC converter, the application of a PFC not only
realizes the established function but also aims to reduce the input current harmonics
and gain power factor close to unity [2]. Furthermore, among many types of the
front-end DC-DC converters, a LLC resonant converter, with a half-bridge topology,
is commonly used in modern power electronic circuits. Compared with series reso-
nant converters (SRCs) and parallel resonant converters(PRCs), the LLC resonant
converter performs with a lower level of electro-magnetic Interference (EMI) and
fewer power losses at a higher switching frequency [3]. Likewise, the isolated full-
bridge DC-DC buck converter has gained widespread popularity in high-frequency
switch-model applications. Moreover, for the purpose of voltage scaling and electri-
cal isolation, a transformer, in general, is adopted in this circuit [4].

However, losses and disturbances still exist in the 5G power system, even though
the main circuit has been designed under a deliberate consideration. Especially,
once a perturbation signal occurs in the circuit, the input and output impedance of
converters may intensify this perturbation and eventually have an negative effects
on the entire power system [5]. The telecommunication signal may be affected and
transformed with a low quality. In order to avoid or minimize the occurrence of this
severe situation, the relevant research needs to be conducted on the anti-interference
capability and stability of the power system. The small-signal modelling, as a fea-
sible and efficiency mathematical method, has been widely adopted to analyse the
aforesaid academic problem in the power system.
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1.2 Purpose

In this thesis work, we intend to analyse impedance modelling of DC-DC converters
in a typical telecom power system. To this aim, the small-signal modelling method-
ology is initially performed to construct the small-signal model of these converters.
Then, fundamental small-signal transfer functions of these models are derived, and
the deep physical significance of these transfer functions in the Bode plot is investi-
gated. Meanwhile, correspondent simulation models, as the priority among priori-
ties, are established on the platform of Simulink in Matlab. Furthermore, simulation
outcomes mainly contain bode plots of aforementioned transfer functions, which can
be verified by the theoretical analysis of the small-signal model. Eventually, the ver-
ified simulation model will be utilised as a tool to refine the anti-interference capa-
bility and stability of the power system, by optimizing the operating zones or tuning
the parameters such as resistance, capacitance and inductance in the system.
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Theory

2.1 Introduction of the LLC Resonant Converter

2.1.1 Working Principle

The LLC circuit topology illustrated in Figure 2.1, one of the most widely adopted
front-end DC-DC converters, is characterised by two resonant frequencies. Accord-
ingly, the LLC circuit has two working scenario. When the magnetizing inductor
L,, is excluded from the resonant tank, the resonant frequency is derived and shown
as (2.1). On the contrary, when L,, is involved in the resonant tank, the resonant
frequency is shown at (2.2) [6].

B
« 0 ]
E

2
éﬁ CfJ_R?L
}

@ T

Figure 2.1: The schematic of the LLC resonant converter

1
- 2m/L,.C,
1

or (L, + Ln)C,

fr (2.1)

Jp

(2.2)

The operating principle of the LLC resonant converter is classified to three conditions
in terms of the relation between the resonant frequency Fy and switching frequency
F,. As shown in Figure 2.2, when F,>F{, the magnetizing inductance L,, is either
clamped by +V, or =V}, in terms of the switch status, and therefore have no effect
on the resonance. Meanwhile, under this condition, the secondary-side Mosfets
conduct continuously so that the LLC circuit operates in continuous conduction
mode (CCM). Furthermore, the current at the resonant tank flows with a sharp
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2. Theory

variation. Particularly, when the switching frequency is very high, the current at
the resonant tank grows and reaches a high peak value, where a intensive current
stress is induced in the circuit.

Vim

iLr
0

Figure 2.2: Waveform of the LLC circuit for F;>Fj

When F,=F;, the LLC circuit operates in the boundary conduction mode (BCM),
and the operating waveform is shown in Figure 2.3. When this circuit operates at the
resonant frequency, the resonant current is perfectly sinusoidal with the lowest har-
monic distortion and the best electro magnetic compatibility (EMC) performance.
Meanwhile, the secondary side current flows in BCM, with neither a sharp drop in
current nor a dead zone where the current is zero. Also, the voltage gain keeps unity
and the LLC transfer function is insensitive to load variations. The output current
can be approximated as a full-wave rectification and the switching losses are close
to zero. In addition, when F,<Fj, the LLC circuit operates in the discontinuous
conduction mode (DCM) as shown at Figure 2.4.
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Figure 2.4: Waveforms of the LLC circuit for F,<Fj

Figure 2.5 illustrates sub-circuits of the LLC resonant converter at each operating
status. It is clearly seen from Figure 2.5 that the structure of the resonant tank
changes at different time periods. During the time periods [to,t;] and [t2,t3], Ly, acts
exactly in the same manner as the previous scenario when F;>Fj, which is either
clamped by +V;, or —V;, without participating in the resonance. In the periods
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[t1,t2] and [t3,t4], L., takes part in the resonant tank that consists of C, and L,,
in series with L,. Simultaneously, the load at the second side is decoupled from
the resonant tank. Based on illustrations above, it is found that the LLC resonant
converter operates with two resonant frequencies at one switching cycle.

S2
to-t1 _l
Q1
=
Lr
LAF“_“;L
Cr Ir
+ %
b1 ¢ ——
1 Im llm s
Cf % -
ti-t2
L s
| — 5 n:1:1 TT
Cr Ir
Q2
== l
Im |Lm 3
’-N 6 R < Vo
T2=t3

t3—t4

Figure 2.5: Sub-circuits of the LLC circuit for Fy<Fj
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2.1.2 Simulation Model Establishment

The simulation model of the LLC circuit is implemented in the Simulink, where
theoretical results illustrated in section above can be identified. The scheme of the
circuit simulation is shown at Appendix A.1, and all the parameters of the LLC
converter are shown at Table 2.1, where the parasitic parameters, equivalent series
resistance (esr) of inductors and capacitors, are taken into consideration.

Table 2.1: Parameters of the LLC resonant converter

Parameter lists

Symbol | Parameter Value

Vy Input DC voltage 400V

V, Output DC voltage 56V

L, Resonant inductance 62 pnH
LLC converter | L,, Magnetizing inductance 268 uH

C. Resonant capacitance 9.4nF

Cy Output capacitance 2000 pF

R.. Equivalent series resistance | 1 mS?2

P, Output power 1000 W

2.2 Introduction of the PWM DC-DC Converter

2.2.1 Working Principle

The dc-dc converters, aiming to convert the unregulated dc input into a controlled
dc output, are widely employed in diverse power electronic systems. According to
the topological structures, the de-dc converters are mainly classified to three basic
converters known as the step-down (buck) converter, step-up (boost) converter and
step-down /step-up (buck/boost) converter. In addition, for safety issues, an electri-
cal isolation transformer is widely used in these converters, which derivatives several
different typologies. Among them, the isolated full-bridge converter is known as a
popular application. For the purpose of controlling the dc output at the desired
level, the pulse-width modulation (PWM), as one of the most widely-used method,
is normally applied to the dc-dc converters [7].

In this thesis work, the boost converter and isolated full-bridge dc-dc buck converter
are implemented in the dc part of the 5G telecom power system. To be specific,
the boost converter that serves as the preceding stage is used to prevent the input
voltage to the isolated full-bridge converter from being under the requirement range.
Therefore, in a general way, only the post-stage, the isolated full-bridge converter
serves in the system. The topology of the PWM boost dc-dc converter is simplified
to the structure illustrated in Figure 2.6. It is observed that the peak current mode
(PCM) control is implemented in the system, which will be discussed in detail in
the further chapter.
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—VW—_] >

L Ri D1

iin — c l
DCCD ur : _,'_"'_ T1 R|:]
urrent Eﬂ N

Sensor

CLK

PWM Contorl Compensaton Vout
Signal Logic Ramp

PWM £ Vref
Comparator rror
Amplifier

Figure 2.6: Schematic diagram of the PWM boost converter

The boost converter, as the name implies, generates a higher dc output voltage than
the dc input voltage. Figure 2.7a shows the steady-state waveforms for the boost
converter when considering the continuous-conduction model (CCM) with iy (t) > 0.

. Ts 2Ts —> —>
T
0 | | Vs * P—
uL Ton Toff Ton toff t _ C =— R
0 t
i /\/\ 0<t<{dTs
. L
0
ip ! +
Vs C =/ R
—_ — 44— — — —1Ib =Io —
UOO E
el bt ® el SRR
= & T
0 : dTs<t<Ts
(a) (b)

Figure 2.7: (a).Waveform of the PWM boost converter (b).Sub-circuits of the
PWM boost converter

During the on-time period, the switch is on and then the diode is reverse biased,
where the output voltage is isolated. During the off-time period, the switch is off
and then the current flows through the diode, where the energy is transferred from
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the input stage to the output stage. Furthermore, Figure 2.7b shows the sub-circuit
of the PWM pre-boost converter over one period. When considering the integral
of inductor voltage over the entire period is zero, the ratio of the input and output
voltage is derived as

v, T, 1 (2.3)

where D is the duty ratio [7].

The topology of the isolated full-bridge dc-dc buck converter is simplified to the
structure illustrated in Figure 2.8, where the PCM serves as the controller as well.
This converter, as the name implies, generates the dc output voltage smaller than
the dc input voltage. As shown in Figure 2.8, the isolated full-bridge dec-dc buck
converter includes two legs, each leg is implemented with two switches and anti-
parallel diodes which are replaced by the Mosfet in the circuit. Typically, there are
two PWM switching strategies applied in full-bridge converters, one is the bipolar
voltage switching and the other is the unipolar voltage switching. In order to avoid
the magnetic saturation of the isolated transformer, in this system, a bipolar voltage
switching is taken into consideration [8].

oc(®)
R
T3 T4
Mosfet
iin
CLK . Current
l Sensor
T1 T4 76 €— 1
PWM - Contorl /I/] Compensaton
Signal Logic Ramp /[/ Vout
T2 T3 T5 6
PWM \l\ Vref

Comparator Error
Amplifier

Figure 2.8: Schematic diagram of the PWM isolated full-bridge dec-dc buck con-
verter

Figure 2.9a illustrates the steady-state waveforms for the PWM isolated full-bridge
de-de buck converter in CCM. There are two switch groups 713, Ty and T3, T,
each group switches on or off synchronously and the phase degree between the two
groups is 180°. This control strategy drives the secondary side voltage V5 to form
a periodic square wave, which eventually leads to the acquirement of the desired dc
output voltage.
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T1, T3

ton ton {
12, T3

u’ ton Ton t Vs C_-) c = R g
L
I I

0<t<dTs

[ ] VW

ir t
A
- — - — _//— -\]A/A IL c = R §
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0 > dTs<t<(0. 5-d) Ts
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Figure 2.9: (a).Waveform of the PWM isolated full-bridge dec-dc buck converter
(b).Sub-circuit of the PWM isolated full-bridge de-de buck converter

Figure 2.9b shows the sub-circuit for half of a period. By considering that the
integral of the inductor voltage is zero over half of the period, the relationship
between the input and output voltage is derived as

Vin
o ‘/o)ton = V;)toff

Voo o ten 2D
Vin 0.5nTs n

—~

(2.4)

2.2.2 Simulation Model Establishment

In order to evaluate the performance of these two converters, simulation models are
constructed on the platform of Simulink in Matlab. Appendix A.2 and Appendix
A.3 show the simulation diagram of the PWM isolated full-bridge buck dc-dc and the
PWM pre-boost converter respectively, and all parameters are defined in terms of
Table 2.2, where the parasitic parameters of the inductance and capacitance known
as equivalent Series Resistance R, are taken into consideration, and all R, are
simplified to be equivalent.

10



2. Theory

Table 2.2: Parameters for these two PWM converters

Parameter lists

Symbol | Parameter Values

|78 Input DC voltage 36V-42V
Pre-boost converter Z" IC; lé?clé;rig voltage 226\121_1

C Capacitance 2040 nF

Res: Equivalent series resistance | 1 m¢2

P, Output power 1000 W

Symbol | Parameter Values

|78 Input DC voltage 42V-56V
Full-bridge buck converter Z" IC; lé?clé;rig voltage 411'77\;512 v

C Capacitance 200 pF

R.. Equivalent series resistance | 1 m¢2

P, Output power 1000 W

The duty ratio is calculated by selecting the specific input and output voltage values
from their ranges. Here, under the typical condition of Vs = 56[V] and V, = 42[V],
the simulation results is illustrated in Figure 2.10, where the output voltage rises
with some oscillation and eventually stabilizes at the desire voltage level. Thus, the
accuracy and functionality of the simulation model are proven.

[e>]
o
I

o

N
o

Output Voltage Vo (V
N w
o o
| |

-
o

0 L L L L 1 1 L |
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Time (seconds)

Figure 2.10: Dynamic performance of the PWM full-bridge buck converter

Likewise, the simulation model of the boost converter is shown in Appendix A.3.
With the condition V; = 36[V] and V, = 42[V], the dynamic performance of the
output voltage is illustrated in Figure 2.11.

11
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| 1 1 |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (seconds)

Figure 2.11: Dynamic performance of the PWM boost converter

As shown in Figure 2.10 and Figure 2.11 above, there are some oscillations in the
output voltage. Thus, it is significant to apply the control system in the circuit.

12



3

Power Stage Small-Signal
Modelling

3.1 Modelling of the LLC Resonant Converter

3.1.1 Extended Describing Function Method

3.1.1.1 Introduction to Extended Describing Function

The extended describing function (EDF) method is the main approach to investigate
the small-signal LLC resonant circuit model [9]. Based on the principle of the LLC
resonant converter, the nonlinear state equations can be written as

@ = Az + Bu (3.1)
y=Cz+ Du (3.2)

where & is the state vector, u is the input vector and y is the output variables.

By imposing the extended describing function concept, the nonlinear terms can
be approximately substituted either by the fundamental harmonic elements or dc
components. Therefore, the linear state equations can be derived by making the
Fourier expansions of these terms.

Due to the harmonic balance, a nonlinear large-signal model of the LLC resonant
converter power stage is determined. The inputs of this large-signal model equation
set are varying slowly with the switching frequency. Thus, the steady-state solution
is provided for a given operating point. Besides, the state equations of this small-
signal model are established when there is a perturbation around the operating point.

3.1.1.2 Derivation of Nonlinear State Equation

A quasi-square wave voltage vap, generated by the active half-bridge circuit, is
applied to the resonant tank of the LLC resonant circuit, as shown in Figure 3.1.
The primary and secondary sides of the transformer are equivalent to the controlled
voltage source and controlled current source respectively in Figure 3.1. The voltage
at the primary side of the transformer is approximately described as sgn(ip, —ipm)-

13
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Ln

IL___ (3001 L o«

|| — n:1:1 TL
Cr Ir
+
VAB ™
] Im l]_ﬂl +
3 é—j Cf o R Vo
i
Q3 _|

Figure 3.1: Equivalent circuit of the LLC resonant converter

According to the Kirchhoff’s Circuit Laws(KCL), the state equations can be listed
as
dir, dir,,
VAB : LT‘W + Lm dt + VC7.
Lmdzgtm = sgn(ig, — i, )Von
i, = C, 2

T d .
. . . ’UC
lig, —ir,,|n = Co=3= +

(3.3)

VG,
Rp

3.1.1.3 Harmonic Approximation

The current and voltage waveforms of the LLC circuit tank can be estimated as a
sinusoidal when the circuit operates at the steady state. Therefore, the resonant
current i,, voltage v, and the magnetizing circuit i,, at the primary side resonant
tank are approximated to fundamental harmonics that are derived by the Fourier
series,

ir, (t) =i, (t)sin(ws)t +ir,, (t)cos(ws)t
ve, (1) = ve,, (B)sin(ws)t + ve, () cos(ws)t
ir,, (t) =i, (t)sin(ws)t +ir,,. (t)cos(ws)t

di di . . di .
dlir = ( C?L;rg - wserc)Sanst + (% + wSZLTS)Costt

diL _ d’LL . . ir, )

ddtm - (d s — Wi, )sinwst + (d e+ Wi, )coswst
ey Ve . ve

- = (Tgr — wsve,, ) sinwst + (=5 + wsve,, )coswst

3.1.1.4 Applying Extended Describing Function

The EDF method is an effective approach that turns nonlinear functions into linear
patterns by only adopting the fundamental terms of the nonlinear system. Referring
to the LLC circuit, the nonlinear components in (3.3) can be described by the Fourier
functions in (3.5),

VAB = fl(vg)sin(ws)t

sgniry — iLm) - Vo -1 = fa(irrs = inms, Voo)Sin(ws)t + f3(iLre — ime, Voo)cos(ws)t .
‘iLr - ZLml = f4(iLrs - Z.Lm37 ich - Z-me)

(3.5)

Ji(vg), f2(iLrs —ipms, Vo), f3(inre = inmes Voo and fa(inrs — iLms, iLre — tLme) are the

14



3. Power Stage Small-Signal Modelling

functions of the EDF method shown in (3.6),

filvg) = 2+
T 4 1Lrs—ipms
foliprs — ZLms,Uco) =z i, Voo n
f3(erc ZmeyvCO) = %ZLTC;% Voo N . (36)
f4<2Lrs - ZLmS; Zch ime) = % : Z'p
p = \/ Urs — ZLms 2+ (ich - ime)Q

3.1.1.5 Harmonic Balance

Harmonic balance is a powerful frequency domain solution to acquire the steady-
state results of the nonlinear differential equations. Therefore, the harmonic balance
method is frequently applied to solve the LLC resonant circuit. By substituting (3.4),
(3.5) and (3.6) into (3.3), it gives

Lr (% - Wsich) + Ucrs + L (diszns - Wsime) = %
Lr (dZLTC + wsZLrs) + VCre + L (dleC + wsZLms) 0
L,

3 _ _ 4iprs—ip
( d;ns wsZme) = = TS,L'p ms fUO

Lm (dszc + wsZLms) — %iLm;pime “Ug M ) (37)

.Ug

Cr : (% - va'I‘C) iLrs

UCrc y
Cr : ( ~Cre + WUC’rs) Ure
dvcf Vef __ 2
Cr=a + R, “lp T

™

3.1.1.6 Obtaining Steady-State Point

Once the circuit reaches the steady-state point, the differential terms of the variables
in (3.7) that are unchangeable with time are all fixed to zero. These equations are
rewritten as

_LTQS[LTC + VC"rs - LszIme - %‘/g

L’I‘QS

]Lrs + vore + LszILms =0

Lm - Qs[me) = ]%ILTS;pILmS Don

Lsz]Lms = %%Vbn . (38)
_QCTVCTC = IL'/‘S

QCTVCT‘S = Ich

ch 2
R, ;Ipn

Ip = \/(ILTS - ILms)2 + (Ich - Ime)Q

According to the given parameters of V,, R; and (), the conversion ratio of the
voltage at steady state is found as

IV , 3.9
Vg, | jewn(Ln+ 1+ =)+ 501 - W)L, .
where w,, = s% = %, L, = Lﬁ» Q= ns%fr'
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3.1.1.7 Perturbation and Linearization of Harmonic Balance Equations

It is assumed that the variables have two components including a constant DC part
and an AC element as a small signal. The perturbed variables are illustrated at
(3.10), it gives

vg = Vg + 7

Ws = Qs + C‘js

iprs = [Lrs + i[er

ILre = [ch + Z'chA

ULms = [Lms + Z.LAms : (310)
U Lme = [me + U Lme

Vors = VC’rs + Uérs

Vere = VCT‘C + /UCATC

Voo = VCO + ,06’0

By submitting the variables at (3.10) to (3.7), the non-linear state equations array
is derived as

A S

{ K- Ax(t) + Buf(t)

dt

(1) = Calt) 1y

3.1.2 Equivalent Circuit of the LLC Resonant Converter

3.1.2.1 Simplified Resonant Tank

Based on the EDF method, the small-signal model of the inductance and capaci-
tance in the resonant tank are shown in Figure 3.2 and Figure 3.3 respectively. The
inductor model has two parts including the complex component caused by the effect
of the switching frequency and the perturbed voltage source. The capacitor con-
tains a complex impedance and a current source which are induced by the switching
frequency [10].

B

L LI,

Figure 3.2: Small-signal model of inductance

16



3. Power Stage Small-Signal Modelling

G

_a)s
jE

Figure 3.3: Small-signal model of capacitance

In order to simplify the resonant tank further, it is vital to inspect the complex shunt
and controlled current source. Firstly, under the condition of @ = 0, the current
source is removed from this model, as shown at Figure 3.4. The model of this case
ends up as

R
1
i0.C

Figure 3.4: Simplified small-signal model of capacitance

(3.12)

T sC+ Q0 JO.C(+ o)

o 1 jgfs +1
i

As the modulation frequency is much lower than the switching frequency, the second
term of the denominator is much smaller than one, and therefore can be neglected.
The mathematical analysis is simplified further to the following

Nﬁ‘i‘l_ S N 1
Toj0.c Q20 0

(3.13)

<o S
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3. Power Stage Small-Signal Modelling

By using (3.13), the original model can be replaced by an inductor and an impedance
in series.

It is found that the similar rule is also suitable for the general case that is illustrated
in Figure 3.5. By applying the Thevenin’s Theorem, the final model is further
simplified as Figure 3.6 shown [10].

7m4_=57
1 1

JCV &,

Figure 3.5: Equivalent capacitance model in case of w,, < {2

gt jQ.C =,

Figure 3.6: Simplified equivalent capacitance model by the Thevenin’s Theorem

3.1.2.2 Equivalent Circuit Model of LLC with F, = F,

By applying the small-signal modelling method illustrated above, the equivalent
circuit is derived and presented in Figure 3.7. L., and X, in the equivalent circuit
is shown at (3.14) based on the simplification of the resonant tank [10].

Figure 3.7: Small-signal model of LLC circuit for F; > F, with simplified resonant
tank

2/ (3.14)
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3. Power Stage Small-Signal Modelling

According to the Extended Describing Function method, separating the equivalent
circuit into sine and cosine part is a suitable methodology to tackle the transfer
function. The circuit model that has two separated parts is shown at Figure 3.8,
and Gy, G, Rs, R, kys, kre, ks and k. are expressed as (3.15) shows,

Sine part Lm[rnls s

Cosine part

Leq X5 Go QL

a's

Figure 3.8: Sine and cosine equivalent circuit model of LLC converter for F, > F,,

Gs =
Vc 1lc
G. = L ]7“ ls — =&l
S 12
R. = Vo T,1c
° g \/IT 19+I% 1c T,1s+IT,1c
2
R. = 4n Vo IT 1s
- 2 2
¢ 4 \/ITJ;‘FI%I 71171, s (315)
l{ = k‘ _ — Vo IT 19[T lc
" " ﬂ— \/ T, 13+I’%’1c [12—',15—’_]'% lc
J— 2n IT 1s
ko= Im—lile
V T113+ T,1c
__2n T,1
ke =2 i
T,1s T,1c

where 1,15, Ir1c, Veas, Veie, Ir1s and I, are derived from the steady state equiv-

alent circuit model.

Besides, it is feasible to apply the superposition theorem to

derive an uncoupled equivalent circuit model shown at Figure 3.9.

v,

Figure 3.9: Small-signal model of LL.C circuit for F; > F}, by superposition theorem
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3. Power Stage Small-Signal Modelling

All the parameters are shown at (3.16),

QQ
Leq =L, —1_170393 = Lr(l + ST§)
Ce = Tomn
R, = LealXeql(Fi=00)

Re
q
1

2
wn (% QLn)?) (Jy —wp)—(Lnt1-—5) 2
n " n

2V, L w 2
Gy = = + =)
Two R 2 3 L2
B A k2 Ll (3.16)
n
— 4Vg
Kd _ TwoLn
Gy=—ms
Y my/R2,+X2,
1
K, = Yalnwn Lntl-T5

2
T L1 ) () QL)?
n

3.1.2.3 Equivalent Circuit Model of LLC with F, < F,

As mentioned in Chapter 2.1.1, the magnetizing inductance is excluded from the

resonance during [to,t1] and [t,t3], while being coupled with the resonant tank over

the time of [t1,t5] and [t3,t4]. The time span of [to,t1] is exactly the resonant period

T,. The equivalent inductance modeled in the equivalent circuit with respect to the

ratio between % and % is derived as

Fo - Fs
F,

Ly =L, + Ly (3.17)

The equivalent circuit, shown at Figure 3.10 with simplified resonant tank, is for-
mulated in the similar methodology as the previous case [10].

Figure 3.10: Small-signal model of LLC circuit for F; < F, with simplified resonant
tank

L =L (1+2X)+L,,(1-%Q,
{ eq ( +Qn)+ ( ) (318)

Xig = Qs(Ly + Lip(1 = )

1
QsCr

As Section 3.1.2.2 mentioned, the equivalent circuit is separated into sine and cosine
components as Figure 3.11 shows.
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) Xé ~
" cl
—i, I
V3
v oF
T g
Sine part

Cosine part

i

-

Figure 3.11: Sine and cosine equivalent circuit model of LLC converter for F; < F,

By applying the superposition theorem, the non-coupled circuit is reconstructed in
Figure 3.12, which is more convenient to derive transfer functions in further study
[10].

Figure 3.12: Small-signal model of LLC circuit for F, < F, by superposition
theorem

3.1.3 Power Stage Transfer Function Expressions
The power stage transfer functions derived from Figure 3.9 and Figure 3.12 are

listed in Table 3.1 and Table 3.2 respectively, where Z, is the load current to output
(output impedance) transfer function [10].
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Table 3.1: Output impedance transfer function for Fs > F,

Do(s) __ G Xe RS
@s(s) — DO (L2 +5LeqReq+X2,) (1T RLC18)+ Req(sLeq+ Req)
2
G . Vg L (é_w%)(%QLn)Q_é(Ln'f’l—é)
DC — 3, WnWo 1 2 1 2 23
(Lnt1=23)2+((5; —wn) 5 QLn) (3.19)
Q2 8 .2
L= 1+ Qfg)LT,Req = Sn Ry,
X, =Q.L,. — 1 Q:VLT/CTL — Lm
eq sHr QgL nQRL ) —n L.,
ﬁo(s) _ LM X2q+qu+LeqReq5
tg(s) ~ 2n7" (82L2,4+5LeqReq)(1+RLCyp8)+Req(sLeqtReq)
M- jwnLn (3.20)
jon(Ln+1+ )+ 2 Q(1-w3) Ly
n
sQquJrsLeqRqungq
Zo(8) = R {02 1 aLog Reg ' X2 (Lt Ry O ) 4 Feg(Leg T Rg) (0 21)
Table 3.2: Output impedance transfer function for F, < F,
p p
Do (s) — G Xéq2+R2q
@s(s) DO (s2L2, 4Ll Req+X1;2)(1+ R Cy5)+ Req(sLLy+ Req)
. v, 1 (e QL) - B (Lntl- )
DC f— 27 n’?’LO n n n 3
n WnW (Ln+1*ﬁ)2+((ﬁ7wn)%Q[]n)2 (322)
n
/ 1
L, = L1+ Q—%) + L(1—Q,),
r_ 1 _ 8,2
Xeq = QS(LT. + Lm(l — Qn)) — m,Req = pn RL
Do(s) ERY; X! Z+R2 +LL Regs
bg(s) — 2n7 " (82LL,2 4L Req)(1+RLCys)+Req(sLLy+Req)
M- ionln (3.23)
Jon(LnH14 )+ 22 Q(1—w2 ) Ln
SZL/ 2+SL/ Re —‘,—X, 2
J— eq eq q eq
Zo(s) = Ry (L2 sy Reqt Xbg2) 1+ R, C15)+ Req (s Ly + Fig) (3.24)

3.1.4 Bode Plot Representations and Physical Meanings of

Power Stage Transfer Functions

In order to analyse the physical meanings behind power stage transfer functions,
the bode plots of transfer functions and correspondent equivalent circuits need to
be studied. Especially, among these transfer functions, the output impedance, as an
essential link to the post-stage (PWM converters) analysis, is mainly illustrated in
this section. Figure 3.13 diagrams the equivalent circuit of the output impedance
under there different conditions of F, = F,, F, > F, and F, < F,, and the relevant
Bode plots of the output impedance transfer functions are shown in Figure 3.14.
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R R R
1 1 1
| = <
j 1 | i
J.L, FCLE, JELE,
- =t =
SLeq,"fn sLeqg/n JQ-"' Leq sLeq/n JQ: Leq
n n
(6001 (000)_— || (000 __—
(a) (b) (c)

Figure 3.13: Equivalent circuit of output impedance at F, = F,, F, > F, and
F, < F,

In Figure 3.13a, under the condition of Fy, = F,, the equivalent circuit, with four
components in parallel, is characterised with the parallel resonance, and there is a
resonant frequency point where their two reactive components % and SLTC’ cancel
each other. At the resonance frequency, the parallel LC circuit acts like an open
circuit with the current flowing through R; and jgs%, where the total impedance
reaches the maximum value. Below the resonant frequency, the circuit acts like
an inductive circuit, whereas the circuit behaves as a capactive circuit when the
frequency exceeds the resonant point. Meanwhile, the illustration above can be ver-
ified by the Bode plot of the output impedance as shown in Figure 3.14a, where the
Amplitude-Frequency curve shows the typical characteristics of the parallel resonant

circuit.

The equivalent circuit of other two cases of F; > F, and F, < F, are shown in Figure
3.14b and Figure 3.14c. It is found that these two equivalent circuits are established
with the same topology, where an additional inductive element % is connected

in series with the inductance SL% Owing to the fact that the inductive components
predominate in the equivalent circuit, the total impedance in the equivalent circuit is
predominately characterised by the capacitance along the frequency domain accord-
ing to the property of the parallel resonant circuit. This phenomenon is verified by
the Bode plot of the output impedance transfer function shown in Figure 3.14b and
Figure 3.14c, where the phase angle decreases from 0° to —90° with the frequency
increase.
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Open-Loop Output Impedance Zo at Fs = F0
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Figure 3.14: Bode plot of output impedance transfer functions at F, = F,, F, > F,
and Fy, < F,

3.1.5 Analytical Transfer Functions Verification

The main purpose of the simulation model is to verify the small-signal transfer func-
tion, especially for the small-signal output impedance Z, of the LLC circuit. There
are certain adjustments to the original simulation model established in Appendix
A.1. To be specific, when conducting the research on the output impedance, the
addition sinusoidal waveform current source with a certain frequency is implemented

A
in the circuit to constitute the artificial ac disturbance i, as shown in Appendix A.4.
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Comparison of Zo at Fs = F0
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Figure 3.15: Simulation verification of output impedance transfer functions for
F,=12F, F,=F, and F, = 0.9F,

Under the influence of this perturbance, the ac disturbance 1/>0 is involved in the
output voltage, and this ac signal can be collected by comparing with the ideal

output voltage. The collected data of the ac signals ?O and 60 is processed by using
the Fourier Analysis, and the result shows the output impedance at a certain fre-
quency. Furthermore, by modifying the frequency of the ac current source, an array
of small-signal output impedance values, coordinating with frequency, is calculated.
These data can be drawn as a Bode Plot, and then compared with the Bode Plot of
the analytical small-signal impedance.
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Figure 3.15 shows the simulation verification of the control to the output voltage
(output impedance) transfer function for three cases of Fy = 1.2F,, Fy = F, and
F, = 0.9F,. In all above three scenarios, simulation results match quite well with
analytical results, but there are still some errors occurring between the analytical
results and simulation results, especially at the high frequency.

3.2 Modelling of the PWM DC-DC Converter

3.2.1 State Space Averaging Method

In PWM dc-dc converters, with nonlinear and time-variant characteristics, the con-
figuration of the power stage continuously changes with time and influences the
switch condition. Moreover, there is a nonlinear relation between the input and out-
put variables in the PWM process which serves as the switch drive signal generator.
In order to analyze the dynamic characteristics of this nonlinear and time-varying
system, there are three steps normally applied to the power stage as illustrated in
Figure 3.16, including Averaging, Linearization and S-Domain Conversion. Eventu-
ally, a complete small-signal model for PWM converter can be established [11].

Nolinear Linear
time-varing Nolinear time-domain
power stage A average model A small-signal A

dynamics model

s—domain
small-signal
model

Averaging A A s—domain
Linearation .
method conversion

Figure 3.16: Flow chart of the small-signal modelling

The method of averaging is initially employed to the PWM dc-to-dc converter, which
aims to remove the time-varying characteristic. The state space averaging, as one
of the proper methods developed for PWM dc-to-dc converters, can form the state-
space equation of the power stage. Thus, the time-averaged dynamics of the power
stage can be concluded by the formed state-space equation.

In the approach of state-space averaging, combined with the switching function
which consists of time-dependent variables, the power stage dynamics is initially
described by a switched state-space model. Particularly, the power stage dynamics
during the on-time period is described as

d”;(tt) — Az (t) + Boyvin(t)

Vo (t) = Conx(t)a

(3.25)
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where x is the state vector that contains independent state variables including the
inductor current and capacitor voltage, v;, and v, refer to the input voltage and
output voltage separately, and the coefficient matrices include A,,, B,, and C,,.
Likewise, the power stage dynamics of the off-time period can be express as

dx(t)
=A B, f v
dt Off'r(t) + Offvln(t) (326)
Uo(t) = Coffl'(t).
By combining the two equations discussed above, it becomes
dx(t)
"0 = (@) A+ (1 g(0) Aggp)a(t)
2
+ (a(0)Bon + (1= (1)) Bog)vin (1) (3:27)

Uo(t) = (Q(t)con + (1 - Q(t))coff)x t)'

Equation (3.27) is known as the switched state-space model, and ¢(t) that represents
the switch function is expressed as

q(t) =1 0<t<dTls,
q(t) =0 dT's <t <Ts.

(3.28)

Since the switch function ¢(t) emerges the characteristic of time-variance, the aver-
aging process is applied to the switching function

d(t) = 7{ /:T o(t)dt. (3.29)

where d(t) is known as the continuous duty ratio. Next, the average process is
performed on (3.27), it becomes

+ (q(t)Bon, + (1 = q(1)) Boys)vin(t) (3.30)

Then, (3.30) is rearranged as

dz(t)
dt

3.31
+ (@t) Bon + (1= d(1)) Bogy)in(1) (331
To(t) = (d(t)Con + (1 — d(t))Coss)Z(t),
which is known as the averaged state-space model. In order to apply this model
to the PWM full-bridge dc-dc converter, the state vector z is defined as [iy V;]”.

Combined with the sub-circuit diagram of the full-bridge converter illustrated in
Figure 2.9b, the averaged state-space model is derived as
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a0 ] + 1= @) g o) (.32

Likewise, in terms of the subcircuit of the boost converter in Figure 2.7b, the average
state-space model is expressed as

. (3.33)

3.2.2 Circuit Averaging Method

The circuit averaging method uses the circuit variables with time-averaged behaviour
to establish an average model of the power stage. In circuit averaging, the circuit
variables are averaged directly and correlated with power stage component, and
then the averaged circuit equation can be formed. An averaged circuit model can
be developed to correspond with the equation and eventually replace the original
circuit [11]. Specifically, the PWM switch as an individual circuit component in a
buck converter shown in Figure 3.17a can be transferred to Figure 3.17b,

+ Vac -~
a C a C
 —— ® —>— d/O—)—
la 1cC
Q 1-d

close + +
of e X Vap ip Vep

dTs  (1-d)Ts h h

p p
(a) (b)

Figure 3.17: (a).Switch operation under PWM principle (b).Circuit representation
for PWM switch

and it is described as

(3.34)
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where ¢(t) represents the switch function as referred before. By taking the local
average, (3.34) is approximately derived as

Tg(t) = 2090 T (701 -
ia(t) = ic(t)q(t) =~ ic(t)q(2).
The continuous duty ratio d(t) is expressed as
d(t) = 1{ /:T o(t)dt. (3.36)
Thus, (3.35) is rewritten as
Uep(t) = Vap(t)d(t)
i) = ity 30

As shown in Figure 3.18a, the average equation above can be described as an aver-
aged model which contains an ideal two-winding transformer with a turn ratio d(¢).
For processing the small-signal model of the PWM switch, the ac components are
taken into consideration. Therefore, (3.37) of the averaged PWM switch is further
developed as

Ve + Dep(t) = (D + d(1)) (Vap + Dy (2)

N (3.38)
= DVap + d(t)Vap + Dﬁap(w + d(t)vap(1),

Lo+ 52(t) = (D + d() (L + 1.(t) (3.39)

N A
= DI +d(t)l. + Di.(t) + d(t)i.(t),
where the uppercase variables are dc component and variables with up script are ac

small-signal components. By extracting the ac components in (3.35) and (3.37), the
small-signal equation is described as

(3.40)

where the dc and ac components are linearly combined to express the left-side ac
components. The equations above represent the small-signal model of the PWM
switch and can be expressed as the equivalent circuit as shown in Figure 3.18b,
where the linear time-invariant characteristic is formed.
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Vap -
_ _ 2 d A
i i ia /D\ ic ¢
—I—_) Y 1:D ——:—
Vap@)lc(i } { Vep
_ | _
(b)

Figure 3.18: (a).Average model of the PWM switch (b).Small-signal model of the
PWM switch

When applying this small-signal model of the PWM switch to the buck converter

and employing small-signal source QA)S as the input signal, the complete time-domain
small-signal model is established as shown in Figure 3.19.

Vs 4o
_D t

iL(t) L
> ) 1:D

/ : l +
o) (o Vo (t)
Vs Ct) CDiLd (t) C _!, R§ CT io(t)

Figure 3.19: Average model of PWM buck converter

Then, by applying the Laplace Transform to this time-domain small-signal model,
the s-domain small-signal model is derived and illustrated in Figure 3.20.

BERT
/D\ iL(s) sL
> Y 1:D —» N\ -

vo(s)

s (@ @ude g L= 7] ®iow

Figure 3.20: Small-signal model of PWM buck converter

Furthermore, by considering the dc-dc converters implemented in this thesis work,
the isolated full-bridge dc-dc buck converter is simplified to the combination of
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original buck converters and a transformer. Therefore, the s-domain small-signal
of the isolated full-bridge buck converter is established in Figure 3.21, where the
equivalent series resistance R; and R, are involved. Its application provides the
foundation for deriving the small-signal transfer function in next section.

LDS o iL(s) sk Rl
> O n:D T
. - o) (o Ll Vo(s)
0@ @ L Tl O
Re

Figure 3.21: Small-signal model of PWM isolated full-bridge dc-dc buck converter

As same as the process illustrated above, with the condition V,, = =V, and I, =
—1;,, the small-signal equation for the PWM process of the boost converter is ex-
pressed as

U;p(t) - Vafd(t) + Dvgy(t) = =Vod(t) + Dugy(t) (3.41)

$a(t) = LA() + Di(t) = —I,d(t) + Did(t).

Therefore, by modifying the direction of relevant voltages or currents, the s-domain
model of the boost converter is shown in Figure 3.22. In order to facilitate the
further analysis, the small-signal model is refined as shown in Figure 3.23.

iL(S) sl R

a
—

rass NI N

sC vol(s)

s Q) 2i0Q Ldes) w1 2 Miow

Figure 3.22: Small-signal model of PWM boost converter
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iL(s) g, R

vo(s)

] (Do

Figure 3.23: Refined small-signal model of PWM boost converter

3.2.3 Power Stage Transfer Function Expressions

The power stage transfer function of PWM converters, as the essential part for
analysing the interaction for converters, can be derived by the s-domain small-signal
model. For instance, in Figure 3.21, with the series equivalent resistance considered

N N
in the full-bridge buck converter, with the condition d(s) = i,(s) = 0, the input-to-
output transfer function is yield as

A
14+ -2
G, = qu(s) = Ky e (3.42)
US(S) L+ Quo + w2
and parameters are defined as
1 R+ Ry 1
Wo =] == ~
LOR+R. LCO
D 1
Kvs = 1+ % ~ D Wesr = CiRC (343)

Q= 1 R+ R, ~ R g
" wL+C(RIR.+ RIR+R.R) V1L
where w,g, is the esr zero frequency originating from the series equivalent resistance,

w, is the doule pole frequency, and () is the damping ratio. Likewise, with the

N
condition 0y (s) = io(s) = 0, the duty ratio to output transfer function is derived as

A
Vo(s 14 -2
Goa = A( ) = K="
d(s) T ow Tz (3.44)
|78
de == 7R ~ ‘/s
I+ 3
The load current-to-output transfer function is yielded as
A
Vo(s T+ 21+ 52)
Zout:/\():RHRl 1 Zs SQEST
io(s) T Qs Tz (3.45)
Ry
Wy = —,
L
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with the condition 0,(s) = ?l(s) = 0. In (3.45), another zero frequency w, occurs
which originates from the esr of inductor. The three transfer functions above are
derived from the PWM dc-dc buck converter. Moreover, the transfer functions for
another PWM dc-dc converter, the boost converter implemented in the 5G power
system, also needs to be formulated in the same way. The input-to-output transfer
function for the boost converter is yielded from Figure 3.23,

A
o 1+ 32
Gvs = /li\(S) - Kvs s esr s2
Us(‘s) 1 + Quwo + ch
1 1 1 /

Kvs:/—R%ﬁwesrzi
D)1+~ D CR.
¢ku& D

Wo = || —— ~

LC R+ R, vV LC

D =1-D

(3.46)

1 RD? + R ,
Q=— + U — ~ RD
wo L + C(RZRC + R+ R.RD 2)

S

The duty ratio-to-output transfer function for the boost converter is derived as

6\0(8) (1 wjhp)< W:sr>
Gvd N - de 1 S 52
d(s) t 0w T2
R,
oo Vslogps Ve (3.47)
vd D/ 1+ R]g/z D/2

) &

iy =~ = o

where w,p, is the particular term in the transfer function of the boost converter, and
known as the right-half plane(RHP) zero. This single zero emerges in the right-hand
side of s-plane and moves around in terms of the duty ratio. The load current to
output transfer function is formulated as

i 14 )1+ -2

ZO — 110(8) — Kp( Wz )S< ‘:2657‘>
io(5) I+oe ta (3.48)
Ry Ry Ry

wz:f KP:RH D/Q%D/Q'

Except the three main transfer functions of PWM dc-dc converters, there are also
some other equations that will be utilized to evaluate the transfer functions for
closed-loop PWM dc-dc converters. In Table 3.3, the input-to-inductor current G,
duty ratio-to-inductor current G4, load current-to-inductor current Z, are included

[11].
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Table 3.3: Open-loop transfer functions of PWM converters

Transfer Function

G Q:K ! ijQ G-dzﬁzK-d 1+“’jd2 Z:QZ_K A
RN Cligh s | d gt ¢t 7 ‘11+wa+3—2g

Parameter Full-Bridge Buck Converter | Boost Converter

K. D/R/n 1/(-D)%/R

Kiq Vs/R/n 2V,/(1 - D)*/R

K, -1 -1/(1-D)

Wis 1/(CR) 1/(CR)

Wid 1/(CR) 2/(CR)

3.2.4 Bode Plot Representations and Physical Meanings of
Power Stage Transfer Functions

Open-Loop Output Impedance Zo

—Zo|

Magnitude (dB)

9

=
T

Phase (deg)

-90
10

1 1 1
10% 10° 10* 10° 10
Frequency (rad/s)

()

Oppen-Loop Input Impedance Zin

-20

Magnitude (dB)

=30
90

Phase (deg)

-90 I I 1
10! 10° 10° 10* 10°
Frequency (rad/s)

(b)

Figure 3.24: (a).Open-loop output impedance bode plot of the PWM full-bridge
buck converter (b).Open-loop input impedance bode plot of the PWM full-bridge
buck converter

Figure 3.24a diagrams the Bode plot of the output impedance of the PWM full-
bridge dc-de converter. It can be seen that the output impedance has the following
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3. Power Stage Small-Signal Modelling

characteristics: The amplitude of the output impedance is constant at low and
high frequency; the impedance initially increases to the maximum value at the L.C
resonant frequency w,, and then gradually decreases. These amplitude-frequency
characteristics reveal that the output impedance has different suppression capabil-
ities for load disturbances at different frequencies. When w < w,, this suppression
capability becomes worse with the increase of frequency. In contrast, this capability
grows better with the increasing frequency when w > w,.

Meanwhile, Figure 3.25a illustrates the equivalent circuit of the output impedance,

which is reconstructed from Figure 3.21 with the condition of UAS(S) = ?l(s) = 0.
This equivalent circuit model consists of three branches, the inductor, capacitor
and resistor in parallel, which apparently has the characteristics of a typical RLC
resonant circuit. When f — 0, the output impedance is derived as

1
Zo=(JwL+ R —+R.)||R= R, || R= Ry, 3.49
(Gl + ) | (o + Be) | R~ By || R~ R (349

which reveals that the output impedance is dominated by the R; of the inductor at
low frequency. In contrast, when f — oo, it becomes

1
Z,= (jwL+ R —+R)||R=R. || R~ R, 3.50
(Gl + ) | (g + R | [ (3.50)

where the output impedance performs the property of the R;. of the capacitor. When
it approaches the parallel resonant frequency f = \/%H z, the output impedance is
reformulated as

1
Z, = (jwL —

~ jwL || — || R ’

~oo || R~R

where branches including the capacitor and inductor offset each other and only out-
put resistor R remains. Therefore, by comparing this equivalent circuit model with
the bode plot representation, it is concluded that the performance of the output
impedance equivalent circuit along the frequency domain behaves in the same way
as the Bode plot.

Figure 3.24b illustrates the bode plot representing the small-signal transfer func-
tion of the input impedance in PWM full-bridge dc-dc buck converters. The input
impedance has the following characteristics: the amplitude is constant at low fre-
quency and slightly drops at a certain frequency, and then linearly increases.
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Figure 3.25: (a).Equivalent circuit of the open-loop output impedance for PWM
full-bridge buck converter (b).Equivalent circuit of the open-loop input impedance
for PWM full-bridge buck converter

As same as the analysis of the output impedance, in general, the input impedance
has a better load ability at the low frequency compared to the situation at a higher
frequency. The equivalent circuit for the input impedance derived from Figure 3.21
is shown in Figure 3.25b by noting that the R, is considered, where a capacitor and
a resistor connected in parallel and then in series with an inductor. When f — 0,
the input impedance is derived as

Ny, R
Zin = (PHUGWL+ R) + (777 + Re) | B} (3.52)

PR+ R) ~ (DR,

~ (

where the resistor R dominates the input impedance at the low frequency. On the
contrary, when f — oo, it becomes,

Zin = (P {(wL + R) + [(—= + R.) || R}

d Jwd (3.53)
~ (E)Q(jWL +R.) ~ j(g)QwL,

where the impedance is characteristic with the inductive property at the high fre-
quency. When it approaches the parallel resonant frequency f = \/%H z, the input
impedance is rearranged as

Zin = (L + R) + [(— + Ro) || R]}

d JwC
(N2 1
~ (5) Gwl + o | R) (3.54)
— (ﬁ)2i

d’ £+ jwC’

where the value is approximately identical to the amplitude at the same frequency
in the Bode Plot.
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Figure 3.26: (a).Open-loop output impedance bode plot of the PWM boost con-
verter (b).Open-loop input impedance bode plot of the PWM boost converter
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Figure 3.27: (a).Equivalent circuit of the open-loop output impedance for boost
converter (b).Equivalent circuit of the open-loop input impedance for boost con-
verter

Similarly, the dynamic analysis is processed on the PWM boost converter. Figure

37



3. Power Stage Small-Signal Modelling

3.26 shows the Bode plots of the small-signal input and output impedance transfer
functions respectively. In these two diagrams, the dynamics of the input and output
impedance has the same performance as the full-bridge buck converter’s. Figure 3.27
shows the equivalent circuit of the input and output impedance, where the resonant
frequency fy is defined as D’ \/% and D’ is the duty ratio of the off-time period.
Table 3.4 shows the calculated input and output impedance amplitudes at three
different conditions as aforesaid, which are corresponding with their Bode plots.

Table 3.4: Calculated input and output impedance of boost converters

f=0 | f=D7=| [f—ooo
Z] | % R, R
vl _(1_p’?
o T

In general, the Bode plot representations and the physical meanings of the input and
output impedance verify each other. Meanwhile, the amplitudes of the output and
input impedance reflect the anti-interference ability and load ability of the open-loop
system. The power stage transfer functions analysis in this section will establish a
solid foundation on the closed-loop transfers function analysis.

3.2.5 Analytical Transfer Functions Verification

Figure 3.28 and Figure 3.29 illustrate the Bode plot comparison of simulation results
and analytical transfer functions for the two PWM converters respectively, where
the solid line represents the analytical results, and the scattered points are origi-
nated from the simulation model. As can been seen, most of the scattered dots are
overlapped with the analytical transfer function bode plots except some unexpected
errors existing somewhere. Therefore, it is concluded that the analytical transfer
function and simulation model are verified with each other.
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Figure 3.28: (a).Comparison of the open-loop input impedance for PWM full-
bridge buck converter (b).Comparison of the open-loop output impedance for PWM
full-bridge buck converter
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Figure 3.29: (a).Comparison of the open-loop input impedance for PWM boost
converter (b).Comparison of the open-loop output impedance for PWM boost con-
verter
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4

Closed-Loop Small-Signal
Modelling

4.1 Modelling of Voltage Mode Controlled LLC
Resonant Converter

4.1.1 Principle of Voltage Mode Control

The voltage mode (VM) control that uses the output voltage as the only feedback
signal has been widely applied in power electronic converters [11]. In the LLC
resonant circuit, this control scheme is implemented. The method of asymptotic
analysis is introduced when designing the voltage feedback loop of the LLC resonant
circuit.

Firstly, it can be seen from the properties of the LLC resonant circuit that the
phase angle at the DC side is 180 degree rather than 0 degree under the situation of
a PWM converter. From the perspective of the (VM) control, it means that the LLC
circuit acts as an inverter. Therefore, the output voltage will drop when the control
voltage increase. Owing to working under zero voltage switch condition, the output
voltage is about to have a turn-down as the switching frequency increases. From the
perspective of the voltage-controlled mode, the increase of its input voltage results in
a boost of the frequency. On the contrary, the voltage-controlled compensator of the
PWM converter displays an alternative pattern. As the control voltage increases,
the duty cycle increases, thus increasing the output voltage. As a result of this
characteristic, the compensator of the PWM converter has a negative feedback while
a positive compensator is equipped with the LLC resonant converter as Figure 4.1
shows.
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Vo
I .
Z1l
71

Vref

Ve

Figure 4.1: Compensator structures of LLC resonant converter

Figure 4.2 shows the block diagram representation of the voltage mode controlled
LLC resonant converter, where F, is the feedback compensator and F,, is the voltage-
to-frequency modulator. The expected structure of the voltage feedback compensa-

tion is determined as

p(s) = 220 _ K 0t ) g)
Y Z1(s) s (1—1—&)(14—%})2)
1
K, =
R (Cy + Cs)
B 1
Wz1 = R302
B 1
27 (B + Ry
1
“r T R.C,
1
RS

Due to neglecting the esr of the inductance and capacitance
completely ignored.
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N ( ) + 1’\?a(‘s)
A S Gv (s)

v (s N )

+

i(s) Zo(s) |

Gw (s)
a(s)

Fm Fv(s)

Figure 4.2: Small-signal block diagram of the LLC resonant converter

4.1.2 Closed-Loop Transfer Function Expressions

According to the block diagram in Figure 4.2, the voltage loop gain T'is expressed
as

T,(s) = ”"fs) ““”;(5) d(f> = Gals)Fy(5). (4.2)

d(s) vo(8) Veon(s)

The closed loop of the transfer functions including the control-to-output, input-to-
output voltage and Z,,, are identified as

Gw
Aw —
v 1+Tm
Gv
Av = 4.3
v 1+Tm ( )
Zo
Zout = )
ou 1+Tm

4.1.3 Bode Plot Representations and Physical Meanings of
Closed-Loop Transfer Functions

Figure 4.3 shows the Bode plot of the closed-loop output impedance for the LLC
resonant converter.
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(a)

(b)

(c)

Figure 4.3: Analytic results of the closed-loop output impedance for three cases
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of Fy, =12F,, Fy, = F, and F, = 0.9F,

At the area of low frequency, in Figure 4.3, the voltage loop can be replaced with
a voltage source in the output impedance equivalent circuit shown in Figure 4.4.
Therefore, the equivalent circuit of the output impedance at the low frequency is re-
fined in Figure 4.5, where the voltage source is short-circuit based on the Thevenin’s

44



4. Closed-Loop Small-Signal Modelling

Theorem. In contrast to this, the voltage source is open-circuit, when the frequency
reaches the high area, which causes the closed-loop output impedance to follow the
open-loop output impedance.

——AM———
" Co .
"SC Il sC, I sC,
| il |
Ja L. QL JO.L.
n n
| S, — S| S — S
SLe‘:L_.fn SLeq,'/I'l % SLeq,’/I’l ‘] SLeq
(600) (000 = | (000) =

v v v
(a) (b) (c)

Figure 4.4: Equivalent circuit of closed-loop output impedance at Fy = F,, Fs > F,
and Fy < F,

— A ———
Ru R
- L il
[ | = ¢
] || 1
J O Lm J Qs Lm J QS Lm
n = -
e =
slLeg/n sLea/n % sLeg/n J QSLeq
n n

(a) (b) (c)

Figure 4.5: Refined equivalent circuit of closed-loop output impedance at Fy = F,,
F, > F, and F; < F, at low frequencies

4.1.4 Analytical Transfer Functions Verification

In this section, the comparisons between analytical results and simulation results
for the closed-loop output impedance are diagrammed in terms of three operating
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conditions of Fy, = 1.2F,, F, = F, and F, = 0.9F,. By applying the same method
as mentioned in Section 3.1.5 and combining with the modelling theory of the VM
control, simulation models are constructed in Appendix A.7. Figure 4.6 illustrates
bode plot comparisons of simulation results and analytical transfer functions for the
closed-loop output impedance, where the solid line represents the analytical results,
and scattered points originate from the simulation model.
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Figure 4.6: Comparison of the closed-loop output impedance for three cases of
F,=12F, F,=F, and F, = 0.9F,
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4.1.5 Boundary Condition Analysis

This section investigates the properties of the output impedance for the LLC reso-
nant converter under various ranges of loads. Under the rated voltage level, Figure
4.7 shows bode plots of the closed-loop output impedance when the circuit performs
with the full-load P,, the half-load 50% P, and light-load 20%P,.
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Figure 4.7: Closed-loop output impedance under the condition of 100%, 50%,20%
P, for three cases of F, = 1.2F,, I, = F, and F;, = 0.9F,

It is concluded from Figure 4.7 that different loads have effects on the LLC resonant
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converter in the low-frequency area, since Z, at the output side depends on the Ry,
which can be expressed as

(4.4)

With the drop of the output power P,, the output resistance increases which induces
the raise of Z,. This phenomenon can be explained by (4.3), where Z, at low
frequencies has a positive correlation with output resistance Rp.

4.2 Modelling of Peak Current Mode Controlled
PWM DC-DC converter

4.2.1 Principle of Peak Current Mode Control

In the 5G power system, current mode control is employed in some topologies of
PWM dc-dc converters. Current control mode refers to that both output voltage
and inductor current signals are involved as the feedback signal to generate the
PWM switch drive signal for PWM dc-to-dc converters. There are various ways to
implement the current mode control in terms of a current sensing method or sensed
current usage. Peak current mode (PCM) control, regarded as the most popular
method, applies the peak value of the inductor current as control variables. These
control variables are combined with control references derived from the voltage feed-
back circuit to form the PWM switch drive signal [11].

Figure 4.8 illustrates the schematic of the isolated full-bridge dc-dc buck converter
with the PCM control, where the PWM generator is formed by the ramp signal V;
and the control signal V,,,,. Specifically, at the beginning of each working period, the
switch is turned on and then turned off when the signal V; climbs up to the signal
Veon- The voltage compensator consisting of impedances Z;, Z5 and an amplifier
are implemented to regulate the output voltage to a reference value V,.r, and the
output signal V,,, from the compensator is synchronously modified to produce the
necessary duty ratio for regulating the output voltage.
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Figure 4.8: Control scheme and waveform of peak current mdoel control

In order to generate the PWM waveform, a time-varying piecewise linear waveform
is required. Specifically, the triangular waveform, as one of the aforementioned
waveforms, can be applied to the PWM process. In all PWM converters, the in-
ductor current that increases and then decreases regularly in the power stage can
be regarded as a prepared triangular waveform. In PCM control, this current is
sensed by the current sensing network (CSN) and transformed to the voltage signal
V, as shown in Figure 4.8, which mainly aims to avoid the overcurrent condition
and reduce the Ohmic losses. The sensed voltage signal is then compared with the
control signal V,,, to generate the PWM waveform.

However, the peak current mode control has one critical problem when the duty
ratio is above 0.5. As shown in Figure 4.9, the solid line V; and dash line V] rep-
resents the original sensed voltage signal and the perturbed sensed voltage signal
respectively. The error between V; and V/ converges gradually and eventually van-
ishes when the duty ratio is smaller than 0.5, whereas this error diverges regularly
on the basis of the double operating period 27 when the duty ratio is larger than
0.5. Since the nonlinear oscillation caused by the error occurs at the half of the
switching frequency 1/2f;, this problem is called the sub-harmonic oscillation [11].
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I D <0.5

A D> 0.5

Figure 4.9: Current feedback signal disturbance

For overcoming the aforesaid obstacle, a simple and efficient way is to employ a
ramp signal. As shown in Figure 4.10, when the duty ratio exceeds 0.5, the sensed
voltage signal V) is added with a compensation ramp signal V,.q,,,, and the summed
signal is compared against V,,,. In contrast to the case without compensation ramp,
the error successively narrows and finally disappears. Therefore, with the assistance
of the compensation ramp, in PCM control, the PWM converter can operate stably
with the duty ratio range from 0 to 1.

Mosfet

l o

TIT4TEe €

PWM Contorl

Signal Logic

T2TITE

JNN 5 O O B

Figure 4.10: Refined control scheme and waveform of peak current model control

Figure 4.11 is the small-signal model block diagram representation for peak current
mode controlled PWM converters, where the model of the power stage part can
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be established in terms of the previous discussion. There are two feedback loops
involved in the system, including one current close-loop derived from the inductor
current 7, and the other voltage close-loop coming from output voltage v,.

Vs Gvs
v Vo
lo Zp A
Gvd
— (Gis j -Fv
+ 1
Zq >+T+ -
d Gid | R:
Fm l<+

Figure 4.11: Block diagram representation for peak current mode controlled PWM
converter

The gain block F, represents the voltage feedback compensation, which can be
expressed as

ZQ(S) Kv
F, = =
D= FE T
1

K, =

R11(02 + Cs) (4.5)
T ReC

1
wpc = CoCs
2 Co+C3

The CSN gain R serves as the current sensing network, and the modulator gain
F,,, represents the PWM block. For analyzing and formulating the modulator gain
equation, the waveform structure of the PWM comparator is shown in Figure 4.12.
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Figure 4.12: Peak current model control waveforms

By assuming that the sensed voltage waveform v; increase periodically, the voltage
vr(k + 1) is larger than v7(k), where k represents the k* period. When considering
the CSN gain equals to 1, the magnitude of sensed current iy equals to v;. The
follow equation can be derived from Figure 4.12.

_ 1
Flon(t) = Z(m(t) = Veon — Sede - §Snde

= 1
Tloff(t) = tofs(t) = Veon — SedTy — isf(l — )Ty,

(4.6)

where the voltage v7,, and ¥7,;; are the average values during the on-time and off-
time period separately. The values S,, and S, represent the on-time and off-time
slopes respectively. When assuming that the sensed voltage varies slowly, the voltage
VI, 1s approximately equal to 7,7, and then the equation can be derived as

SpdTy = S¢(1 — d)Ts. (4.7)
By rearranging the equation above, it becomes
(Sn + Sf)d = Sf (4.8)

Furthermore, when the voltage v1,s is approximately considered as the averaged
sensed voltage Vi, the equation can be rearranged as

1
Tlopf(t) = Vi(t) = Veon, — SedTs — §(Sn + S¢)d(1 — d)Ts. (4.9)
By applying the linearization process to (4.9), it becomes

A
Vi+ 01 = (Veon + Vion) — Se(D + d)T,

1 A A (4.10)
— §(Sn +Sp)(D+d)(1 —(D+d))Ts.
Then, the ac terms can be extracted, and the final expression is derived as
d 2
F, = = . 4.11
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The block diagram representation and all parameters derived and illustrated above
will be applied for developing the closed-loop transfer function. In short, the PCM
control consists of two control loops, and the outer voltage loop controls the inner
current loop. This inner current loop takes charge of the dynamic variations of the
inductor current waveform, which reveals that the inner current loop can be regarded
as a current source when the system is steady-state. Thus, the inductor connected in
series with the current source can be neglected, and the L RC' second-order system is
simplified to a first-order system with RC'. Meanwhile, the outer voltage loop which
controls the output voltage can be identical to a voltage source. The discussion
above will be applied to analyze the small-signal closed-loop impedance.

4.2.2 Closed-Loop Transfer Function Expressions

Referring to the block diagram in Figure 4.11, the current loop 7;, as the negative
feedback loop, is expressed as

A

T(s) = 2 ds) R (4.12)
(

A A
d(s) ip(s) vi(s)

Likewise, the voltage feedback loop T, is derived as

Tv(s):—%ﬁs) “CO’;(S) d(f) = Goa(8)F,(3) ). (4.13)
d(s) vo(S) Veon(s)

Then, by applying the Mason’s gain formula to Figure 4.11, the output impedance
is expressed as
Zot(1+T;) — Z,Rs F,,,G,d

Z.(s) =
(5) 1+T,+ T,

(4.14)

Furthermore, the relation between ac input current and ac inductor current is for-
mulated as

i = j(s)d + M(d)ir (4.15)

where M (d) and j(s) are the model parameters for PWM converters shown in Table
4.1 [12].

Table 4.1: Parameters for full-bridge buck converters and boost converters

Full-bridge Buck Converter | Boost Converter
] — =
i(s) nfi =DFR

Therefore, Figure 4.11 is reconstructed to be illustrated in Figure 4.13, with blocks

A
related to the ac input current signal i, added.
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Figure 4.13: Modified block diagram representation for peak current model con-
trolled PWM converters

The input impedance Z;, is derived in the same rule as that of input impedance Z,,,
and it becomes

1+T;+ T,

Z; = ; —.
() GisM(d) + Gps Fu Fj(8) — GisApFrnj(s)

(4.16)

4.2.3 Bode Plot Representations and Physical Meanings of
Closed-Loop Transfer Functions

Figure 4.14a shows the Bode plot of the closed-loop output impedance for PWM
isolated full-bridge dc-dc buck converter, and the open-loop output impedance that
serves as the reference is involved as well.

o4



4. Closed-Loop Small-Signal Modelling

()

(b)

20+

40F

Magnitude (dB)

-60

Closed-Loop Output Impedance Zo"
T T T T
’\

90

Phase (deg)
T

-90

i
10%

i i
10° 107 108

I I
10° 10* 10°
Frequency (rad/s)

Current loop and voltage loop
T T T

Magnitude (dB)

Phase (deg)

I I L I
10° 10* 10° 10° 10 108
Frequency (rad/s)

Figure 4.14: (a).Closed-loop output impedance for PWM isolated full-bridge dc-dc
buck converter (b)Outer voltage loop and inner current loop
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Figure 4.15: (a).Equivalent circuit of closed-loop output impedance at low frequen-
cies (b).Refined equivalent circuit of closed-loop output impedance at low frequencies

At the low frequency, in Figure 4.14b, the voltage loop gain and current loop gain re-
flect the performance of the system steady-state error. When the frequency reaches
zero, the magnitude of the voltage gain approaches infinity. Therefore, the output
voltage is controlled to a constant value, and then the voltage loop can be replaced
with a voltage source in the output impedance equivalent circuit shown in Figure
4.15a. Meanwhile, the inductor current waveform controlled by the current loop has
few variations due to the steady output voltage, which implies that the current loop
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can be substituted with a current source. Thus, the equivalent circuit of the output
impedance at the low frequency is refined in Figure 4.15b, where the voltage source
is short circuit and the current source is an open circuit, based on the Thevenin’s

Theorem.

According to the equivalent circuit at low frequency, the magnitude of the output
impedance is equal to zero. At the high frequency, T; and T, approximately reach
zero, which reveals that the controller has few effects on the power stage. Thus, the
closed-loop output impedance Z,% simply follows the open-loop output impedance
Z, as shown in Figure 4.14a.

The closed-loop input impedance Z;," analysis is initiated in Figure 4.16. As same
as the output impedance analysis above, the open-loop input impedance is included.

Closed-Loop Input Impedance ZinCI
T T T
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Figure 4.16: Closed-loop input impedance for PWM full-bridge buck converter

At the low-frequency domain, Z;," is characteristic with the negative resistance,
where the amplitude of Z;,% is constant and the phase angle is -180 . For analyzing
this phenomenon, assuming the efficiency of the converter is 100 %, the output

power is expressed as
Po = ‘/mIm (417)

where V;,, and [;,, are the input voltage and current respectively. By adding the ac
disturbance, it becomes

A A A
Po + Po = (‘/m + Uzn)<]zn + Zin)' (418)

The output power is approximately constant due to the implementation of the con-
troller. Thus, the output power ac disturbance is neglected, and it becomes

A A AN
Po = ‘/m[m + UinIin + ‘/;nl'm + Vinlin

k K (4.19)
=~ ijjm + Uin[in + ‘/z’nzz‘n‘
Therefore, the input impedance Zin is derived as
A 2
Vs \v Vi n
Zincl:ﬂ:_ wm__‘m 2R 4.20
’L/\ ]m PO ( d) ( )
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Therefore, at low frequencies, Z;, overlaps Z;,% with the same amplitude of (2)’R.
At high frequencies, the controller barely impacts on the power stage. It is expected
that Z;,% follows Z;,, but there is still some error between Z;, and Z,.

Figure 4.17 shows Bode plots of the closed-loop input and output impedance for
PWM boost converter respectively, and these two impedances can be analysed in
the same manner as the PWM isolated full-bridge dc-de buck converter.
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Figure 4.17: Closed-loop output and input impedance for PWM boost converter

To conclude, from the perspective of output impedance, the peak current control
model improves the anti-interference ability of the system, and the impedance am-
plitude that closes to zero at low frequency reduces the power losses in the system.
In the analysis of the input impedance, the peak current control mode brings the
negative resistance property of the input impedance at low frequencies and improves
the load-ability of the system when pre-stage is taken into consideration.

4.2.4 Analytical Transfer Functions Verification

This section expounds the comparison between analytical results and simulation re-
sults for the closed-loop input and output impedance. By applying the same method
as mentioned in Section 3.1.5 and combining with the modelling theory of the peak
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current mode control, simulation models are constructed in Appendix A.8 and Ap-
pendix A.9. Figure 4.18 and Figure 4.19 illustrate the Bode plot comparison of the
simulation results and analytical transfer functions for the two PWM converters,
where the solid line represents the analytical results, and the scattered points origi-
nates from the simulation model. Although there are still some errors between the
analytical results and simulation results at some frequencies band, the overall trend

is consistent. Thus, the simulation model and the derived transfer function, to some
degree, are required to be improved.
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Figure 4.18: (a).Comparison of the closed-loop input impedance for PWM full-

bridge buck converter (b).Comparison of the closed-loop output impedance for PWM
full-bridge buck converter
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Comparison of Zincl

§40 T T T T T
5
2T
=
a0
£ oF : T i
10 10° 10* 10° 10°

Frequency [Hz]

—analytical results
*+ simulation results

T T T T

10° 10! 10 10° 10* 10° 10°
Frequency [Hz]

(a)
Comparison of ZoCI
% 30F
3k
50+
£ ot
& 0 L
] _70 1 1 1 1 1
10° 10' 10 10° 10* 10° 10°
- Frequency [Hz]
—analytical results
* simulation results
T T T T T
o 100 & B
E
2 -100 - 1
1 | |
10° 10! 10° 10° 10* 10° 10°
Frequency [Hz]

Figure 4.19: (a).Comparison of the closed-loop input impedance for PWM boost

converter (b).Comparison of the closed-loop output impedance for PWM boost con-
verter

4.2.5 Boundary Condition Analysis

This section explores the performance of the input and output impedance for PWM
converters under the boundary condition, where possible combinations of the input
voltage, output voltage and output power are formed in terms of their ranges. Under
the condition of V;,, = 32[V] and V,, = 17V, Figure 4.20 illustrates Bode plots of the
closed-loop input and output impedance when the full-load P,, the half-load 50%P,
and light-load 20%P, are taken into consideration.
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Figure 4.20: (a).Closed-loop output impedance under the condition of 20%, 50%,
100% P, (b).Closed-loop input impedance under the condition of 20%, 50%, 100%
P,

In Figure 4.20a, it is clear that Z, has few variations along with the frequency
domain except the parallel resonant point nearby, since Z, at the parallel resonant
depends on the output resistance R, which can be expressed as

(4.21)

With the decline of the output power P,, the output resistance increases which
leads to a rising Z, in the region of the parallel resonant point. Inversely, in Fig-
ure 4.20b, the input impedance at low frequencies has a dramatics influence from
the varying of output power. This phenomenon can be explained by (4.20), where
Zin at low frequencies has a strong positive correlation with the output resistance R.

Under the condition of P, = 1000[W] and V;,, = 56[V], Figure 4.21 shows the bode

plot of the input and output impedance when the output voltage equals to 17[V],
24[V] and 32[V].
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Closed-Loop Output Impedance Zo"
T Ty T T T

7] N w
=) = =3
T T

Magnitude (dB)

=3
=]
T

Phase (deg)

_()0 " | IR HRE AR R R | HI 1 | n PR | bkt itib] e |
10! 10% 10° 104 10° 10° 107 108
Frequency (rad/s)

(a)
Closed-Loop input Impedance Z.nCI
40F T T T L T
)
T30
=
2
B0t
=
-0
—171v]
= 24[V]
2 - 32|V]
o -1351
2
=
-180 L
107 10° 10 10° 106 107
Frequency (rad/s)

Figure 4.21: (a).Closed-loop output impedance under the output voltage condition
of 17[V], 24[V] and 32[V] (b).Closed-loop input impedance under the output voltage
condition of 17[V], 24[V] and 32[V]

Similarly, the output impedance is slightly affected by the variation of the output
voltage. Meanwhile, the input impedance at low frequencies remains unchanged.
For analysing this phenomenon, the input impedance at low frequencies is derived
as

n2 n2V,2 V2
~d~ d P, P
Since the V;, and P, are selected to be constant, the input impedance at low fre-
quencies is the same value.

Z;

(4.22)

To conclude, the boundary condition analysis illustrated above reveals that the
small-signal input and output impedances are inextricably linked to the variation
of load demands such as output power, output voltage and so on. Specifically,
compared with the performance of the output impedance, the input impedance is
dramatically affect by the varying of conditions. Thus, it is critical to take the load
demands range into consideration when designing the circuit in the power system.
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Conclusion

Front-end converters and PWM dc-dc converters are widely adopted in the power
system for telecom applications. Specifically, in this thesis work, the LLC resonant
converter, the PWM isolated full-bridge dc-dc buck converter and boost converter,
as typical topologies, are mounted in a telecom power system. In order to guarantee
the stability and anti-interference capability of this power system, some researches
have been conducted on the principles, mathematical models and simulation models
of these converters.

Initially, operation principles of these converters are investigated in Chapter 2, and
correspondent simulation models are established to verify these theories. Next, the
small-signal modelling, as the fundamental and core mathematical method, is ap-
plied to these converters. These completed small-signal models are sequentially
utilized to derive small-signal transfer functions such as the input impedance and
output impedance. Furthermore, bode plots of these transfer functions are drawn
to intuitively analyze the stability of the system, and the simulation model is de-
signed and then verified by the mathematical model, both of which establish a solid
foundation for further research.

The main research is conducted in Chapter4, where the small-signal modelling of
these converters with closed-loop control is studied. Specifically, the LLC reso-
nant converter and PWM converters are employed with different control schemes,
VM control and PCM control respectively. By applying the asymptotic analysis
method, the closed loop can be designed and the relevant parameters can be derived.
As same as for the above-mentioned process, final bode plots of closed-loop small-
signal transfer functions are diagrammed, and the physical meanings behind them
are illustrated. Based on the aforesaid study and combined with the self-defined
boundary condition analysis, it is founded that components such as inductance,
capacitance and resistance in the circuit are closely bound up with the stability
and anti-interference capability of the power system. Moreover, compared with the
power system with open-loop control, the involvement of the controller improves the
performance of the system in terms of the two properties mentioned above. Thus,
it is essential to study and establish the small-signal model to select proper circuit
topologies and control strategies of the system. Also, the proper values of these
components in the circuit can be estimated.

However, there are still some limitations in this thesis work. For simplifying the pro-
cess of the closed-loop transfer functions derivation of the LLC resonant converter,
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only the simple voltage mode control is applied to the LLC resonant converter in
this thesis work. Besides, the entire study of this thesis work mainly focuses on the
small-signal modelling of the converters individually. Thus, the results are restricted
to the single converter but not the power system. In order to further improve the
study, the small-signal modelling of the entire power system needs to be established.
Moreover, the experimental part needs to be added to improve the reliability of the
research, and the shifting load demands of the 5G power system need to be taken
into consideration as well.

In addition, it is essential for us to consider the ethics and sustainability in this
thesis work. From the perspective of professionals, the outcomes of this thesis work
can serve as a learning tool for engineers to learn about or go over the small-signal
modelling method and get the link between impedance and stability of the system.
We have put an effort in checking the parameters used so that they are as correct
as possible, furthermore, we have displayed the results as the models have predicted
also when the results were not exact, this means that someone else can take the
prerequisites and descriptions in this report, redo the work, get the same results,
and even update these models to get more accurate results. From the perspective
of companies, it is more economical and efficient to design and update the hardware
circuit in simulation models compared to produce samples in reality. However, the
reliability and functionality of these models need to be further examined by the
company, and there are still some gaps between the virtual model and the real
circuit. Thus, it is still possible for the company to invest human and material
resources to verify these models to be practical. From the perspective of individuals,
it is known that these models might be used to improve the 5G power system, and
then boost the stability of the telecom signal transmission. It is critical for us to
communicate with others with a more stable telecom signal transmission, in which
case our living standards are indirectly improved. Besides, this thesis work accords
with the concept of sustainable development since all works are done in virtuality
without wasting materials to produce hardware circuits in reality.
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Figure A.1: Simulation model of the LLC resonant converter
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Figure A.2: Simulation model of the PWM full-bridge buck converter
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Figure A.3: Simulation model of the PWM boost converter
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Figure A.4: Simulation model of the LLC resonant converter for output impedance
analysis



A. Appendix

Wd

apis fewud

|eubis asind

=)
zal>
=

Figure A.5: Simulation model of the PWM full-bridge buck converter for output
impedance analysis
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Figure A.6: Simulation model of the PWM boost converter for output impedance
analysis
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Figure A.7: Simulation model of the voltage mode controlled LLC resonant con-
verter for output impedance analysis
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Figure A.8: Simulation model of the peak current mode controlled PWM full-
bridge buck converter for output impedance analysis
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