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Parameter scheduled robust MIMO DC-DC converter control
Frequency scheduled wide range LLC DC-DC converter control
- a robust LPV MIMO approach

Daniel Quach

Department of Electrical Engineering

Chalmers University of Technology

Abstract

This project presents the design and evaluation of different controller strategies for
voltage regulation of a resonant LLC DC-DC converter. The controllers evaluated
include the classical proportional and integral controllers, as well as the more ro-
bust model-based control methods. To handle the nonlinear characteristics of the
converter, the project also explored gain scheduled, and linear parameter-varying
control methods using an affine state-space representation derived from existing
converter models. Robustness was evaluated by simulating the disturbance rejec-
tion capabilities of the controllers. The results show that while the robust control
methods provided increased robustness for a larger operating range, they also re-
sulted in overly conservative controllers for certain operating conditions. The LPV
controller managed to improve robustness throughout the whole operating range
without affecting controller response times, emphasizing the importance of includ-
ing nonlinearity in the control design for this type of converter.

Keywords: LPV, robust control, gain scheduling, DC-DC, LLC, resonant converter,
MIMO.
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List of Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

AC
DC
PWM
ZVS
ZCS
FHA
LPV
EDF
SISO
MIMO
PID
PI

Alternating Current

Direct Current
Pulse-Width-Modulation

Zero Voltage Switching

Zero Current Switching
Fundamental Harmonic Analysis
Linear Parameter-Varying
Extended Describing Function
Single-Input Single-Output
Multiple-Input Multiple-Output
Proportional-Integral-Derivative
Proportional-Integral
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Nomenclature

Below is the nomenclature of parameters and variables that have been used through-
out this thesis.

Parameters
Vin Input voltage
V, Output voltage
L, Resonant inductance (series)
C, Resonant capacitance (series)
L, Magnetizing inductance (parallel)
C, Output capacitance
L, Perturbed resonant inductance (series)
Crp Perturbed resonant capacitance (series)
Loy Perturbed magnetizing inductance (parallel)
Cop Perturbed output capacitance
Ry, Output resistance (load)
n Transformer turns ratio
R, Reflected load resistance
K Resonant tank voltage gain
ky Small-signal voltage gain
Leg Equivalent tank inductance
fr Resonance frequency (Hz)
W Resonance frequency (rad/s)
fs Switching frequency
F Normalized switching frequency 7
Q Load factor
m Inductance ratio
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Variables

xii

Damping ratio
Proportional gain
Integral gain
Derivative gain
State matrix
Input matrix
LPV offset matrix

Performance output weight

State derivatives

State vector

Input vector

Output vector

State equilibrum points

Input equilibrum points
Linearized state derivatives (& — )
Linearized state vector (z — )
Linearized input vector (u — u)
Scheduling parameter
Performance output
Disturbance

Error signal

Controller

Plant

Generalized plant

Dominant pole pair

Resonant inductor current
Magnetizing inductor current
Resonant capacitor voltage
Output current

Output voltage

Resonant inductor current - sine component



Resonant inductor current - cosine component
Resonant capacitor voltage - sine component
Resonant capacitor voltage - cosine component
Magnetizing inductor current - sine component
Magnetizing inductor current - cosine component
Primary side transformer current
Frequency-to-current transfer function
Current-to-voltage transfer function

Inner closed-loop transfer function

Current controller transfer function (inner)

Voltage controller transfer function (outer)
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Introduction

Power converters can be found in nearly all modern power systems. They are elec-
tronic devices that enable electrical energy to be converted between different electri-
cal systems. The power level of a converter can vary depending on the application,
ranging from low-power embedded systems to high-power chargers for electric ve-
hicles. Recently, efficient and reliable DC-DC converters have become increasingly
important as the number of systems using DC have grown. Particularly, the ongoing
electrification of vehicles has created a need for DC-DC conversion in battery-based
systems and chargers.

1.1 Background

LLC resonant converters have become popular recently due to their high efficiency
(resonant switching), fast switching speeds, and high power density. However, LLC
converters also present some difficulties in terms of modeling and control. Compared
to the PWM-based converters, the LLC converter is highly nonlinear with different
operation modes [2]. Thus, the traditional modeling techniques employed in PWM
converters cannot be applied to LLC converters.

The currently existing control methods for LLC converters are mainly limited to
simple single-input, single-output (SISO) approaches [1]. These simple controller
structures do not consider the coupled dynamics between the different inputs and
outputs. The field of control design for LLC converters is relatively new and few
model-based multiple-input, multiple-output (MIMO) approaches have been ex-
plored so far. These model-based approaches are often more effective as they take
into account the coupled dynamics through the system model [3]. Hence, there is
a need to explore and develop model-based control methods that can effectively
handle the complexity and nonlinearity of LLC converters in a MIMO framework.

This thesis aims to provide a comprehensive study of different control algorithms for
LLC converters and their performance, with a focus on disturbance and uncertainty
rejection. Through this project, the goal is to investigate and evaluate control
techniques that can improve the performance and reliability of LLC converters.
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1.2 Objective & Scope

The main objective of this project is to explore and develop control algorithms that
can handle the nonlinear characteristics of LLC converters. Specifically, the focus is
on achieving reliable operation across the whole operating range of the converter.

The scope of the project is defined as:
o Converter modeling
— Investigate the nonlinear behavior and operating regions of
LLC converters.
— Derive a linear analytical model of the converter.
— Evaluate the model accuracy and suitability for state feedback control
design.

o Controller design
— Design and implement controllers based on the derived model.
— Explore robust control methods to improve disturbance and uncertainty
rejection.
— Explore scheduled controllers to improve controller response for nonlinear
dynamics.

o Controller evaluation
— Simulate the closed-loop system for model uncertainty and different dis-
turbances.
— Compute performance metrics for the simulations to relate design param-
eters to controller performance.

1.3 Limitations

o The thesis will exclude certain design parameters of the LLC DC-DC converter
to focus on the control aspects of the converter. Thus, the type of transformer
and power switches used will not be discussed.

o The simulations will be limited to certain load types, mainly resistive loads
in conjunction with the capacitive output filter. Fully capacitive loads will be
excluded, as they are far less common in many practical systems.

o Practical implementation of the controllers will not be extensively covered in
this project. The focus of the project is on the theoretical development and
evaluation of the controllers.



1. Introduction

1.4 Ethics & Sustainability

The use of LLC converters can bring advantages in terms of sustainability. LLC
converters have demonstrated higher power efficiency than traditional DC-DC con-
verters with comparable production costs [4].

Additionally, the use of robust control methods can compensate for component value
variations and degradation, which in turn can improve the lifespan and reliability
of the converter. Therefore, the risk of accidents due to converter failure can be
decreased, increasing the safety of workplaces. This can also help to reduce the
need for frequent maintenance and replacements.
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Theory

2.1 Resonant Converters

A resonant converter consists of four main stages. The first stage is a switch network
which produces a square wave voltage from a DC source. The square wave voltage is
then passed through a resonant tank stage, which produces a sinusoidal current. The
magnitude of the current can be controlled by adjusting the switching frequency of
the input square wave. The sinusoidal current is finally rectified and filtered by the
rectifier and output filter stages, respectively. In many cases, a voltage transformer
is also added between the resonant tank and rectifier for additional scaling of the
output voltage and current. A general block diagram of a resonant converter is
shown in Fig 2.1.

Switch *—S* Resonant . Output
i Network Tank N\ | Rectifier [NV Filter }

Figure 2.1: General block diagram for LLC converter stages. Modified from [1].

The resonant tank is the key component that provides the main advantages of a
resonant converter. The resonant tank has a simple circuit topology, making the
required component count comparable to traditional switched-mode converters [5].
The higher operating frequencies also reduce the size of the inductive components.
Overall, this results in a high power density. The resonant tank plays a critical
role in the efficiency of the converter as well. By using resonance, the converter can
switch at zero voltage (ZVS) and zero current (ZCS) for certain operating conditions,
reducing the switching losses and increasing the efficiency of power conversion. The
resonant tank can have different configurations, which give different gain character-
istics for the converter. The most common configurations are the series resonant
tank, the parallel resonant tank, and the LLC tank. As explained in [6], both the

5



2. Theory

series and parallel topologies have drawbacks that limit their effectiveness in a prac-
tical setting. The series topology has a low range of voltage regulation during light
loads, while the parallel topology suffers from poor efficiency when stepping down
voltages [6].

2.1.1 LLC Converter

The LLC resonant converter solves these issues by combining both topologies in
the resonant tank. Another practical advantage of the LLC converter is that the
inductive components can easily be integrated into the voltage transformer, reducing
size and cost. As mentioned in [5], the leakage inductance of a non-ideal transformer
can be used as an inductive component for the LLC tank. The LLC converter has
a resonant tank that is composed of one series capacitor C,., one series inductor L,
and one parallel inductor L,,.

The gain characteristics for the LLC converter are derived through fundamental
harmonic analysis (FHA) of the resonant tank. By only considering the fundamental
harmonic of the input square wave, AC circuit analysis can be applied to obtain the
transfer function. For configurations with a transformer, the load on the secondary
side can be represented with an equivalent reflected load on the primary side, as
shown in Fig 2.2.

C, L
o I I YN o
+
+
Cf\) Vin ng v, §Rac
[e, O

Figure 2.2: Equivalent resonant tank with reflected load.

As discussed in [2], the voltage gain can then be derived as (2.1)-(2.2).

Vo

Vi

_ F2<m_ 1)
— \/(m'F2_1)2+F2(F2—1)2(m—1)2Q2 (2.1)

K(F,Ry) =

For clarity, the voltage gain is expressed with its normalized frequency F', the load
factor @, and the inductance ratio m defined in (2.2).

A/ LT OT 8 Lr Lm S
Q - / ) Rac = 72n2RLa m = i 5 F= Ji? (22)
Rac T Lr fr
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Figure 2.3: Voltage gain characteristics K for the LLC converter.

As observed, the voltage gain of the LLC converter is dependent on both the switch-
ing frequency (control input) and the output load (disturbance). From the circuit
analysis, it also is possible to identify different impedance regions for the converter.
The capacitive region indicates where the tank impedance has a capacitive nature.
This region should be avoided as ZVS cannot be achieved here, lowering the power
efficiency. To achieve ZVS, the converter has to operate in the inductive region [2].

Additionally, the LLC converter can also be divided into different operating regions
based on switching frequency, as discussed in [2].

o Below resonance, F' < 1
o At resonance, F =1
o Above resonance, F > 1

The nominal operating point is typically set to be at resonance. The tank impedance
is near zero at this frequency, meaning that the power efficiency is at its highest.

When operating in the different regions, the tank impedance and operating cycle of
the LLC converter change, resulting in varying dynamics [2]. Consequently, design-
ing a controller for the LLC converter is not simple, as it must consider the different
dynamics and voltage gains across the whole operating range.
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2.2 LLC Resonant Converter Modeling

The LLC converter can be described by the following nonlinear differential equations,
as discussed in [6].

=V, - =< — L—sign(im(t) — i (1)) Vo (1) (2.3)

0 _ i (2.4)
dZLcZ&(t) B I:lnvosign(im(t) —irm(?)) 2
d”;it) _ go|m(t) — i (t)] — U}(z)' 20

7’7‘86

L X X +

7,
=

ol
a "

" ® J R T 111 2 B I
A

Figure 2.4: Full circuit diagram of the LLC converter.

As observed from (2.3)-(2.6), deriving a linearized model is a nontrivial task, due to
the hard nonlinearities in the form of absolute value and signum functions. More-
over, since some state variables are sinusoidal quantities, determining a steady-state
operating condition can also be difficult.

2.2.1 Extended Describing Function Method

The describing function method is a technique used to analyze the frequency re-
sponse of nonlinear systems. As described in [7], a describing function of a nonlin-
earity v is obtained by applying a sinusoidal signal with amplitude a at the input
and calculating the Fourier coefficient of the first harmonic at the output. The de-
scribing function is then simply the ratio between the Fourier coefficient and input
amplitude a. Thus, the nonlinearity is approximated with an equivalent gain for a
given frequency.

Describing functions have certain limitations, as mentioned in [8]. One of these
limitations is that the nonlinearities they describe must be time-invariant. Another

8
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limitation is that their accuracy decreases significantly when applied to signals with
multiple harmonics, as the approximation only considers the first harmonic. These
limitations do not pose an issue for the resonant converter. The absolute value
and signum functions are time-invariant. The resonant nature of the tank filters
out most harmonics generated. Thus, the describing function method is a suitable
approach for modeling the converter.

As explained in [6], a variant of the describing function called the extended describing
function (EDF) can be applied to obtain a linear model of the converter. Firstly,
the AC states are decomposed into a combination of sine and cosine terms.

i (t) = ips(t) sin (wst) — dpe(t) cos (wst) (2.7)
Ve(t) = ves(t) sin (wst) — vee(t) cos (wst) (2.8
iLm(t) = ms(t) sin (wst) — dme(t) cos (wst) 2.9)

Then, the nonlinear terms are approximated by their describing functions to obtain
the following equations.

d:rs 4 3 . 4 .'rs - .ms
Lr : = Y - Lrwszrs — Ves — ju% (210)
dt T T ip
d>rc . 4 .rc - -mc
LB _ gy, A lre = ime) (2.11)
dt ™ ip
% et (2.12)
T dt - TWSUCC Z'I”S .
d cc .
Cr Z;t = CrWsVes + e (213)
d‘ms . 4 'rs - 'ms
L ims _ L+ ﬁwvo (2.14)
dt T ip
d‘mc . 4 .rc - .mc
g Gime _ g Al —ime) (2.15)
dt T ip
dav, 2n n
Co—=> = —i,— =, 2.16
it " R (2.16)
ip = \/lirs = ims)? = (ire — ime)? (2.17)

The nonlinearities have now been approximated by describing functions and the
state equations in (2.10) can be linearized to obtain a state-space model. Due to
the FHA assumption and the use of describing functions, the accuracy of the EDF
model is slightly worse away from resonance.
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2.2.2 Averaged Model

Another approach for modeling the LLC converter is to consider a simplified aver-
aged circuit model [1]. This method approximates the voltage gain of the tank with
a controlled voltage source. The average dynamic behavior is approximated using
equivalent circuit elements. As mentioned in [1], the dynamic small-signal gain of
the controlled voltage source can be derived using the derivative of the voltage gain
from (2.3).

QJ
=

gy = 0K Vi

1
oF T (2.18)

Through analysis of the switching cycles during resonant operation as shown in [1],
the equivalent averaged circuit elements describing the tank dynamics at resonance
(inductive region) can be derived as an equivalent series inductor Le,.

71_2

4n2"

Leq = (219)

The resulting averaged model circuit is shown in Fig 2.5.

0 12’2 2 o i 0
_l’_
Ct) kffs I C’o Vo ;RL
e, O

Figure 2.5: Average model equivalent circuit.

The averaged model circuit describes the converter through its averaged output
quantities as shown in Fig 2.6. Therefore, unlike the previous models, this model
does not include any AC state variables. However, this also results in lower accuracy
as the high-frequency dynamics are neglected [1].

10
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Figure 2.6: Output current from the average model.

From the average model circuit, the state equations can be derived using simple
circuit analysis.

d —1 i 1.
Vo = < Vo — o
dt C,Ry, C, (2.20)
L Y :
—lo = 7 Vo - Js

it L, " L.

2.2.3 Model overview

A short overview of the models is shown in Table 2.1.

Table 2.1: Model overview.

Nonlinear Average

Model Order
Linear representation
AC State Variables
Accuracy

The accuracy of the nonlinear model is the highest as it directly models the con-
verter without any approximations, but it lacks a linear representation. The EDF
model has slightly lower model accuracy due to the FHA and describing function
approximations. However, the EDF method also results in an inflated model order
with many AC state variables. The average model has a low model order with no AC
state variables. However, due to the simplified circuit representation, the accuracy
is lower compared to the EDF and nonlinear model.

11



2. Theory

2.3 Control Theory

The following section provides the theoretical foundation for the control methods
used for the project. Firstly, the classical Proportional-Integral-Derivative (PID) is
explained, followed by gain scheduling. Then, the corresponding robust model-based
MIMO approaches are covered.

2.3.1 Classical PID Control

Classical control methods mainly rely on different variants of the PID controller,
which is widely used due to its simple structure and implementation. The PID
controller controls a system by continuously adjusting its own output based on
the error e(t) between the desired reference and the measured output [9]. This
is achieved through three gain terms based on the error signal: the proportional,
integral, and derivative terms as shown in (2.21).

u(t) = K, -elt) + K, - [ er)ir + Ky ;lte(t) (2.21)

The proportional term relates to the magnitude of the error signal, while the inte-
gral term accumulates the error over time and reduces stationary errors [9]. The
derivative term accounts for the rate of change of the error signal. In many practical
applications, the derivative term is often omitted due to its sensitivity to measure-
ment noise, resulting in a Proportional-Integral (PI) controller. Despite its simple
structure and implementation, the PID controller has its limitations. One signifi-
cant limitation is that it cannot handle MIMO systems without the use of inner and
outer loops [10]. This additional complexity for MIMO systems can make controller
tuning difficult, particularly for complex and nonlinear systems.

2.3.2 Gain scheduling

Gain scheduling is a concept in controller design, where the controller gains vary with
respect to one or several scheduling parameters [10]. The idea of gain scheduling
is to include the nonlinear dynamics in the controller design by switching through
several linear controllers. Fach controller is typically tuned for a specific operating
point, and the corresponding gains are stored in a lookup table. The controller gains
are then interpolated between the operating points.

Although gain scheduling can be effective in handling nonlinear dynamics, it has
certain limitations. Specifically, the stability and performance of the controller can
only be guaranteed at the exact tuning points, as the interpolation may not accu-
rately describe the system dynamics between the operating points. Additionally, the
implementation of a gain scheduled controller may require the scheduling parameters
to be measured.

12



2. Theory

2.3.3 Robust Control

When dealing with nonlinear dynamics, an alternative approach is to design a ro-
bust controller that can handle a wide range of operating conditions. However, using
this method can result in overly conservative controllers. The most commonly used
framework for designing robust controllers is the Hy/H, framework. In this ap-
proach, the objective is to minimize the effect of disturbances d on the performance
outputs z [10]. The design objectives are specified by arranging the plant model P
into a generalized plant structure as shown in Fig 2.7. The aim is to find a controller
K that takes input y and computes an output u such that the performance con-
straints on the performance outputs z are satisfied. The optimal controller is then
found by minimizing the H,/Ho norm of the gain from d to z (min ||7%q(s)||2/00)-
Additionally, the performance outputs can be weighted with transfer functions to
provide more flexibility in tuning the controller.

P e

-
—{ K

Figure 2.7: Generalized plant structure.

2.3.4 Linear parameter-varying control (LPV)

Another approach for handling the time-varying dynamics of a nonlinear plant is
through the LPV framework. The time-varying nature of the plant is expressed as
an affine parameter variation scheduled by p(t) as shown in (2.22).

#(t) = A(p(t))x(t) + B(p(t))u(t)
y(t) = Clp()x(t) + D(p(t))u(t)

The LPV framework offers a potential solution to some of the limitations associated
with gain scheduling. Specifically, it provides a more systematic approach to optimal
control design. The LPVTools toolbox offers a range of tools and functions for the
design of LPV models and controllers, as documented in [11]. Once an LPV model
has been constructed, design objectives can be specified in the same way as for the
robust control framework. The toolbox then finds a stable controller over the whole
specified range of p while simultaneously minimizing the induced £5 norm [11] (i.e

(2.22)
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2. Theory

a scheduled H,, norm). Like the gain scheduled controller, the implementation of
LPV controllers may also require the scheduling parameters to be measured.

14



3

Methods

The following chapter covers the methodology for achieving the previously stated ob-
jectives in Section 1. For analysis and testing of the models and control algorithms,
the following component parameters were used for the LLC converter. These values
were calculated from [2] for a 650 V to 24 V, 1920 kW converter with a resonance
frequency of 100 kHz.

Table 3.1: LLC Parameters.

Parameter | Value
Vi 650 V
. 24V
L, 1091H
C, 23nF
L, 577nH
fr 100 kHz
P, 1920 W
n 27.08
C, 1mF

3.1 Modeling

In this section, the different models were evaluated with regard to accuracy and
suitability for control design. A new modified average model was also derived for
the scheduled controller design.

3.1.1 Nonlinear model

A nonlinear model using the original state equations in (2.3) was implemented in
Simulink for comparison with the linear models described in Section 2. The nonlinear
model was verified by comparing it against an LLC converter built in Simscape
Electrical. The nonlinear model is shown in Fig 3.1.
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Rectified Output Current

Rectified current

dV_out/dt
Output Voltage

>
iLr-i_Lm '@

Output Voltage
=

V_out*sign(i_Lr-i_Lm)

iLr-i_Lm

Input Square Wave
1/Lr [« 1

1 di_Le/dt
s

iLr V_CriLr

1
b i_Lr/Cr = dV_Cr/dt B

Figure 3.1: Nonlinear model in Simulink.

V_in/Lr

1/Lr

V_Cr

Initial tests with step responses for the nonlinear model at different switching fre-
quencies are shown in Fig 3.2.

Below resonance, fs = 0.7fr At resonance, fs = fr Above resonance, fs = 1.3fIr
34 255 214
213
33 25
212
> > >
= 32 =245 =
® ° o 211
o o oD
£ £ g 5,
S 31 S S
20.9
30 235
20.8
29 23 20.7
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.006 0.008 0.01 0.012 0.014 0.016 0.018
Time [s] Time [s] Time [s]

Figure 3.2: Step responses from the nonlinear model.

As expected, the converter displays different dynamics based on its operating point.
The different operating modes mentioned in [2] result in varying dynamics for the
converter. Thus, it is important that the model used for the control design describes
this nonlinear behavior in some capacity.

3.1.2 Model analysis

In this section, the analytical properties of the existing models are investigated.
Model accuracy and suitability for control design are also discussed.

3.1.2.1 EDF Model

The equations obtained from the EDF method can now be linearized using the
conventional method with the Jacobian. The steady-state point (Z, u) is found by
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defining an operating point (ws, Ry) and setting the time derivatives in (2.10) to
zero. The state-space matrices A, B for the linearized model are then simply given

by (3.2).

i?‘c
UCS
T = | Uee U = Wy (31)
_ Of(=(t),u(®))
A'LJ 8fj (t) i (3 2)
B - f(a(t),ult) :
TR ORI

The EDF model is a linearized model obtained by applying the EDF method to the
original nonlinear equations. Thus, the EDF model should accurately portray the
nonlinear one for a given operating point. A simulation of the step responses against
the nonlinear model is shown in Fig 3.3.

Below resonance, fS = 0.7fIr At resonance, fs = fr Above resonance, fs = 1.3fr
31 24.5
Nonlinear Nonlinear Nonlinear
30 EDF 24 EDF 208 o EDF
>29 S >'20.6
> S S
8 28 8 23.5 8 20.4
L7 2 £20.2
23
26 20
25 22.5 19.8
2 4 6 8 2 4 6 8 2 4 6 8
Time[s] x107° Time[s] x107° Time[s] x103

Figure 3.3: Step response comparison of EDF and nonlinear model.

There is a slight steady-state error due to the FHA approximation, but the dynamics
for different operating points are similar. Although the dynamics match, the EDF
model can be difficult to use for designing control algorithms. Analysis of the system
controllability and observability using Kalman’s test show that the system is neither
controllable nor observable [3]. Therefore, in order to apply state feedback methods,
the system must first be transformed into a minimal realization with a Kalman
decomposition [12]. Another drawback is the use of sine-cosine decomposition for
the original states. These decomposed states are not directly related to outputs from
the actual system. This can complicate practical implementation as these states
cannot be directly measured, leading to higher design complexity. Nonetheless, the
EDF model still provides an accurate linearized model at a given operating point.
Linear analysis tools can be applied to the model for validation of simplified models.
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3.1.2.2 Average Model

From the state equations in (2.20), the linearized state-space representation can be

derived.
. [Ad, — 2] [Av, 0
Ai = [Aﬂ _ [c_zlzL %1 [AZ] n [Kf] Af, (3.3)

Leg

The structure of the average model is more suited for implementing control algo-
rithms due to its clear input and output relations. The output voltage and current
from the converter are direct state variables of the model. Furthermore, the aver-
aged behavior of the model means that no AC state variables need to be considered.
However, linearizing the model at different operating points and simulating its step
response shows that the dynamics are only accurate for one operating point (at res-
onance). Compared with the EDF model, the accuracy of the model is lower, as it
only describes the dynamics at resonance. This can be confirmed by looking at the
Bode plots in Fig 3.4. The frequency-dependent damping behavior is not present in
the average model.

Below resonance, fs = 0.7fr At resonance, fs = fr Above resonance, fs = 1.3fr
-50
__-100
m
z
o -150
©
=
€ -200
©
=
-250 EDF Model EDF Model EDF Model
Avg. Model Avg. Model Avg. Model
-300
180
2 o
Z
[0
(%)
2
£ -180
-360
104 108 108 10° 1010 10* 108 108
Frequency (rad/s) Frequency (rad/s) Frequency (rad/s)

Figure 3.4: Control-to-Output Bode plots for Avg. model and EDF model.

3.1.3 Modified Average Model

In order to effectively use the average model to design a gain scheduled controller or
an LPV controller, the average model has to be modified to include the frequency-
dependent damping behavior. This frequency-dependent damping can be calculated
from the poles of the EDF model. The EDF model is linearized at different frequen-
cies and the damping ratio of the dominant pole pair (p, p*) is calculated according
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to (3.4) and plotted in Fig 3.5.
¢ = —cos(<Lp) (3.4)

Damping of dominant pole pair

0.8+ \ 1
0.7 \ / J
0.6 \ / 1
051 \ / 4
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Figure 3.5: Damping ratio for Avg. model and EDF model.

As observed, the damping is lowest at resonance and increases as the system moves
away from resonance. Clearly, the equivalent series inductor L., is not sufficient to
model the change in the damping due to switching frequency. Additional damping
elements have to be added to obtain the correct damping behavior. As explained in
[13], [14], the damping of the converter is related to the resonant tank impedance.
In order to model this behavior, a frequency-varying resistor Ry can be added in
series with L., as shown in Fig 3.6.

Loy b R,

—

N A

Ct} kffs I C’o Vo RL

o

Figure 3.6: Modified Average model circuit.

As discussed in [13], [14], the resistor Ry functions as a frequency-varying damping
term to modify the damping of the circuit according to (3.5).
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Leq (ws LT -1

R, = (3.5)

Furthermore, L., also needs to be frequency-varying according to (3.6) in order to
correctly model the beat frequency [13], [14].

2

Tl e-R)] A<s
%2%, fs:fr (36>
L1+ %) fo> £

After this modification, the damping ratio for both models was calculated and plot-

ted again in Fig. 3.7.

Damping ratio
© o o o o o
- N w N (é)] o]

o

— — —EDF
Modified Avg. Model |

1 1 1 1 1 1

o
~

0.8 1 1.2 1.4 1.6 1.8
Switching Freq [Hz] x10%

Figure 3.7: Damping ratio for Modified Avg. model and EDF model.

It can be observed that the damping of the modified average model corresponds to
that of the EDF model. The magnitude and phase plots are also shown in Fig 3.8.
It should be noted that the phase plots for f; = 1.3f, may appear mismatched due
to a lack of phase wrapping. However, upon closer examination, it is evident that
the phase plots align but are merely shifted by 360°.
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Figure 3.8: Control-to-Output Bode plots for Mod. Avg. model and EDF model.

The magnitude and phase plots match up to the switching frequency f;, which
is sufficient for the control design of LLC converters as explained in [15]. The
modified model in (3.7) can be then derived through the modified circuit in Fig 3.6
along withy (3.5)-(3.6). This modified average model now contains the frequency-
dependent damping behavior of the EDF model along with a simpler model structure
that is suitable for the implementation of control algorithms.

A rer e o Av 0

. o CoRyp(t -

Am:lm’]:[ 4 rGmo [AZ]+[W] Afs (37
0 Le(fs@)  Lea(fs(®) 0 Leg(fs(®)

Now the plant can also be implemented as an LPV model. More specifically, a
quasi-LPV model as the scheduling parameters are part of the states and inputs. A
requirement of an LPV model is state consistency [11], meaning that the state vector
must remain consistent for all values of the scheduling parameters. The ordering
and interpretation of state vector should remain the same, irrespective of the value
of the scheduling parameters. This is not the case for (3.7) as the state and input
vectors are defined as offsets from a linearizing point (x — Z, u — u). Therefore, a
small modification is needed to ensure state consistency for (3.7) by parameterizing
the offset from the linearization point as shown in (3.8).

21



3. Methods

i =A(p)z + [B(p) —E(p)] m

p=[Ru(t) 1.(0)]

A comparison between the nonlinear model and LPV model for different input steps
is shown in Fig 3.9.
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Figure 3.9: Step response comparison for nonlinear and LPV model.
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3.2 Control design

This section presents the implementation of all controllers, including the specifica-
tion of weights and parameters used for tuning the controllers.

3.2.1 Cascaded PI Controller

As highlighted in Section 2, conventional PI controllers are unable to handle MIMO
systems unless inner and outer control loops are introduced. Thus, a cascaded PI
controller is implemented to regulate both current and voltage. The control objective
is to track a voltage reference while minimizing significant fluctuations in the output
current. According to [1], this type of controller has shown promising performance
when tuned using the average model.

The controller consists of an inner current loop tuned to 10 times the bandwidth of
the outer voltage loop. This approach simplifies the controller tuning since the inner
loop is much faster and can be regarded as constant. The idea of this approach is
to reject load (current) disturbances before they can propagate to the rest of the
system.

o LU,

ref —(O)—> C, —>()—>{ Ci > Gif | —> Gy H—T>
A '

Current Loop

Voltage Loop

Figure 3.10: Cascaded PI Block Diagram.

Transfer functions describing the frequency-to-current G;¢(s) and current-to-voltage
Glyi(s) relations were derived from the average model in (2.20) in order to tune the
controllers.

1
-— + sC,
Gig(s) = kg ) (3.9)
52LegCo + S—Rz" +1
1
Goi = 1

(s) TG, (3.10)

L

The linearizing point was selected at resonance (F' = 1) with 50% load (R; = 0.6 Q)
to reflect the average operating conditions. The controllers were tuned by specifying
a desired bandwidth and phase margin with pidtune() in MATLAB. The tuning
was performed according to [16]. First, the inner loop controller C; is tuned for G;y.
Then, the inner closed loop is formed as G, = (G;yC;)/(1 + Gi¢C;). Finally, the
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outer loop controller C, is tuned for G4G,;. As recommended in [1], an inner loop
bandwidth of 10 kHz and an outer loop bandwidth of 1 kHz with 60° phase margin
was used.

3.2.2 Gain Scheduled Cascaded PI Controller

The gain scheduled PI controller was tuned similarly to the nominal case. The
controllers were tuned for each operating point in the parameter grid as shown in
Table 3.2. For each operating point, the corresponding transfer functions G;¢( fs, Ry)
and G.;(fs, Rr) were calculated and used to compute the controller gains. The same
bandwidths as in the nominal case were used. The controller gains were then stored
in a lookup table to schedule the controller.

Table 3.2: Parameter grid for scheduled controllers.

Scheduling parameter Min | Max | No. points
Switching Frequency f, [kHz] | 70 200 10
Output Load Ry [(] 0.3 3 10

3.2.3 H Controller

To design an optimal H., controller, the operating point of the nominal plant G was
selected to be the same as those for the nominal PI controller case, specifically at
resonance and for 50% load. The generalized plant structure P was then constructed
from G as shown below in Fig 3.11 with the weights and performance outputs
described in Table 3.3. The H., controller is then synthesized using hinfsyn() in
MATLAB.
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Figure 3.11: Generalized plant for H., controller synthesis.

24



3. Methods

Table 3.3: Performance outputs and weights for H .

Performance Outputs | Weight | Transfer function
Output Voltage, z, W, 0.4

Output Current, z; W; 0.1

Control Input, z, W, %
Output Voltage error, z,. W, %75;589

3.2.4 Uncertain H,, Controller

The design process for the uncertain H, controller is similar to nominal H., design.
The modified average model is used to construct an uncertain state-space model
(uss) in MATLAB. The model uncertainty was specified to be the same as the
parameter grid used for the gain scheduled controller. The uncertain state-space
model is augmented to a generalized plant P with weights according to Table 3.4.
The uncertain H., controller is then synthesized using musyn() in MATLAB (u-
synthesis).

Table 3.4: Performance outputs and weights for uncertain H..

Performance Outputs | Weight | Transfer function
Output Voltage, z, W, 0.4

Output Current, z; W; 0.05
Control Input, z, W, %
Output Voltage error, z,. We %

3.2.5 LPV Controller

The LPVTools toolbox allows straightforward synthesis of an LPV controller with
the same robust control framework. A parameter-varying state-space model (pss)
is constructed with LPVTools using the parameter grid in Table 3.5 and the state-
space model in (3.8). The generalized plant P with weights described in Table 3.5
is then used to synthesize the controller with 1pvsyn().
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Table 3.5: Performance outputs and weights for LPV.

Performance Outputs | Weight | Transfer function
Output Voltage, z, W, 0.4

Output Current, z; W; 0.005
Control Input, z, W, iﬁ:g%
Output Voltage error, z,. W, %75_;7989

3.3 Evaluation

The controllers are simulated with the nonlinear model in Simulink for evaluation.
The voltage and current outputs from the nonlinear model are low-pass filtered to
obtain the averaged values needed for the controller. A second-order Butterworth
filter with a cutoff frequency of 20 kHz is used for this. The scheduled controllers
assume ideal measurement of the scheduling signals. The controllers are evaluated
for two disturbance scenarios.

o Load regulation
e Line regulation

3.3.1 Load regulation

Load regulation refers to the capability to maintain a constant output voltage in the
presence of abrupt changes in the output load [17]. As the load can vary drastically
during the operation of the converter, load regulation is an important metric for
assessing performance. From a control perspective, this can be viewed as output
disturbance rejection. The load disturbance is simulated as an instant change in the
Ry parameter for the nonlinear model.

3.3.2 Line regulation

Line regulation refers to the capability to maintain a constant output voltage despite
fluctuations in the input voltage [17]. Although the input voltage may experience
some variations during operation, compared to load changes these variations are
typically much smaller and within specified limits. As a result, line regulation is
not as critical as load regulation. In control terminology, this is the same as input
disturbance rejection. The input disturbance is simulated as an instant change in
the supply voltage V;,, for the nonlinear model.
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3.3.3 Operating conditions

Each test scenario is also evaluated for different operating conditions to see how
each controller handles the nonlinear characteristics of the system.

o Below resonance
— Much higher voltage gain
— Slightly damped
+ At resonance (nominal)
— Nominal voltage gain
— Underdamped
o Above resonance
— Slightly lower voltage gain
— Overdamped
Finally, the evaluation is repeated for a perturbed plant as well, where the actual
plant parameters differ from the ones used for the control design. The perturbed
plant is modeled with 50% inductance loss for the inductors and 10% capacitance
loss for the capacitor, which represents a common scenario. As mentioned in [18],
capacitor aging results in loss of capacitance. Inductors can also lose inductance
due to saturation, as discussed in [19].

Table 3.6: Perturbed LLC tank Parameters.

Parameter | Value
L,, 55 nH
Crp 21nF
L,y 289 uH
Cop 0.9mF
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Results

4

This chapter presents the results obtained from evaluating the disturbance rejection
capability of the different controllers. The performance of the controllers is evalu-
ated through a load disturbance test, followed by an input disturbance test. The
evaluation is done for both a nominal plant and a perturbed plant.

4.1 Disturbances

The disturbances are simulated as instantaneous changes in the plant parameters.
For the load disturbance, the output load starts at 100% and is stepped down to
20% before returning to 100% after 5 ms. For the input disturbance, the input
voltage starts at 650 V and is stepped to 550 V (15%) before returning to 650 V

after 5 ms. The disturbance signals are shown in Fig 4.1.
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Figure 4.1: Load disturbance signals.
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The disturbance rejection was tested for a nominal plant, meaning the same plant
parameters in Table 3.1 were used for both the control design and the simulated

model.
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4.2.1 Load disturbance

The simulation results for the load disturbance test are shown in Fig 4.2. The PI

controllers and robust controllers were plotted separately due to different scales in
overshoot.
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Figure 4.2: Load disturbance rejection for nominal plant.
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The relative overshoot and transient recovery times were also calculated for easier
comparison. The recovery time was defined as the time taken for the oscillation
amplitude to settle within 1% of the nominal output voltage. These are shown in
Tables 4.1-4.3. As the time between the disturbance steps was 5 ms, recovery times
longer than 5 ms could not be calculated. Consequently, if the first step did not
settle within 5 ms, metrics for the second step are omitted (-) since the step would
have occurred during a transient.

Table 4.1: Overshoot and recovery times for load disturbance rejection below
resonance for nominal plant.
Below resonance - 28 V PI PI GS | Hinf | Hinf u | LPV
Step 1 - Rel. overshoot 27.1% | 13.1% | 7.5% 7.5% 8.4%
Step 1 - Recovery time - - lms | 0.8 ms | 0.6 ms
Step 2 - Rel. overshoot - - 7.4% 7.4% 7.5%
Step 2 - Recovery time - - 1.6 ms | 0.7 ms | 0.6 ms

For below resonance operation, the robust controllers showed significantly better
performance compared to the PI controllers in terms of overshoot and settling time.
All robust controllers settled within 2 ms and maintained overshoots below 10%.
Among the robust controllers, the H., controller was the slowest, showing large
oscillations during the second step. The uncertain H,, controller was slightly bet-
ter with less oscillatory behavior. Conversely, the LPV controller had the fastest
recovery times without any oscillations but slightly larger overshoots. The PI con-
trollers performed poorly with large overshoots and unstable behavior. However, it
is worth noting that the gain scheduled controller did give a substantial improvement
compared to the nominal case.

Table 4.2: Overshoot and recovery times for load disturbance rejection at resonance
for nominal plant.

At resonance - 24 V| PI | PI GS | Hinf | Hinfu | LPV
Step 1 - Rel. overshoot | 27.8% | 13.7% | 5.5% | 5.5% 6%
Step 1 - Recovery time | - - 0.3ms | 0.3ms | 0.3 ms
Step 2 - Rel. overshoot | - - 4.6% | 4.6% 5.5%
Step 2 - Recovery time | - - 1.3ms | 1.3 ms | 0.4 ms

For at resonance operation, the results were similar to the previous scenario, with
the robust controller outperforming the PI controllers. The H., and uncertain H.,
continued to show the same oscillatory behavior for the second step. The LPV
controller was again the fastest controller with no oscillations. The PI controllers
performed slightly better at resonance compared to the previous case. Although the
overshoots remained large and settling times were still long, the controllers do not
appear to be unstable anymore.
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Table 4.3: Overshoot and recovery times for load disturbance rejection above
resonance for nominal plant.

Above resonance - 20 V PI PI GS | Hinf | Hinf u | LPV
Step 1 - Rel. overshoot 36.5% | 14.5% | 7.3% | 7.4% 5%

Step 1 - Recovery time - 3 ms 1.7 ms | - 0.4 ms
Step 2 - Rel. overshoot - 39.5% | 12.5% | - 5%
Step 2 - Recovery time - 1.3ms | 1.bms | - 0.4 ms

For above resonance operation, the scheduled controllers perform much better than
their counterparts. Both the gain scheduled PI and LPV controller recovered sig-
nificantly faster with smaller overshoots. The H., controller and uncertain H.
recovered much slower, especially the uncertain H .

Overall, the nominal PI controller showed very poor performance. While the gain
scheduled PI controller showed substantial improvement compared to the nominal
case, it still performed poorly when compared to the robust controllers. The nom-
inal H,, and uncertain H., showed similar behavior with some differences above
and below resonance. Specifically, the nominal H., had a faster recovery above res-
onance, while the uncertain H., had a faster recovery below resonance. The LPV
controller performed the best across all operating conditions, with very consistent
behavior.
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4.2.2 Input disturbance

The simulation results for the in

put disturbance test are shown in Fig 4.3. The PI

controllers and robust controllers were plotted separately due to different scales in

overshoot.
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Figure 4.3: Input disturbance rejection for nominal plant.
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Table 4.4: Overshoot and recovery times for input disturbance rejection below

resonance for nominal plant.

Below resonance - 28 V PI PI GS | Hinf | Hinf u | LPV
Step 1 - Overshoot 5.5% | 7.5% 14.3% | 17.8% | 11.7%
Step 1 - Recovery time 1.1ms | 1.7ms |- 1.5ms | 0.4 ms
Step 2 - Overshoot 92% | 11.7% | - 26.8% 194 %
Step 2 - Recovery time 13ms | 1.5 ms |- 0.7ms | 0.5 ms

Table 4.5: Overshoot and recovery times for input disturbance rejection at reso-

nance for nominal plant.

At resonance - 24 V PI PI GS | Hinf | Hinf u | LPV
Step 1 - Overshoot 8.4% | 6.6% 18.7% | 18.7% | 12%

Step 1 - Recovery time | 1.8 ms | 1.7ms | 0.6 ms | 1.7 ms | 0.6 ms
Step 2 - Overshoot 10.8% | 10.7% | 31.2% | 31.2% | 13.7%
Step 2 - Recovery time | - 1.8ms | 0.6ms | 2.3ms | 0.6 ms

Table 4.6: Overshoot and recovery times for input disturbance rejection above

resonance for nominal plant.

Above resonance - 20 V| PI | PI GS | Hinf | Hinf u | LPV
Step 1 - Overshoot 9.3% | 5% 13.5% | 14.5% | 11%

Step 1 - Recovery time - 1.5ms | 1.1 ms | 5 ms 0.6 ms
Step 2 - Overshoot - 6% 29.3% | 29.3% 14.2%
Step 2 - Recovery time - 25ms | 1.3ms | - 0.5 ms

For input disturbances, the performance of the robust controllers showcased similar
trends as in the load disturbance case. The nominal H., controller had a faster
recovery above resonance, while the uncertain H,, controller was faster below res-
onance. Among the robust controllers, the LPV controller remained the superior
choice, with the shortest recovery times and smallest overshoots.

In contrast, the PI controllers showcased better performance for input disturbances,
with smaller overshoots compared to the robust controllers. The recovery times were
also in the same range as those of the robust controllers. Unlike the load disturbance
test, the gain scheduling did not give a substantial improvement compared to the
nominal PI, except when operating above resonance.

4.3 Perturbed model

The perturbed model uses the component values in Table 3.6 for the simulated
model and the values in Table 3.1 for control design.
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4.3.1 Load disturbance
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Figure 4.4: Load disturbance rejection for perturbed plant.

Overshoot and recovery time metrics were excluded this time, as the controllers
showed practically the same behavior as in the nominal case. However, some dif-
ferences were observed in the case of the LPV controller. The LPV controller now
overcompensates in response to load steps, this is particularly noticeable at reso-
nance and above resonance where it results in an undershoot instead for the first
step.
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4.3.2 Input disturbance

Robust Below resonance PI
; — 31 — ; ;
34t
30
32
> b
© 30 29 A
(o)}
S
O 28 M~ 28 =
S
26 271
24 t

26
0.01 0.012 0.014 0.016 0.018 0.01 0.012 0.014 0.016  0.018

At resonan
32 27
30+ 26
E 28 25+
% 26 24
=)
> 24 23
22 22 +
20 21

0.01 0.012 0.014 0.016 0.018  0.01 0.012 0.014 0.016  0.018

Above resonance
28 v 23 — +
26 20|
=24t
Z. 21 L
S
8 22
° 20
> 20
18| 197
16 = * * * 18 = : : :
0.01 0.012 0.014 0.016 0.018 0.01 0.012 0.014 0.016 0.018
— — —Ref Time [s] — — —Ref
Hinf Pl
Hinf uncertain PI gain scheduled
LPV

Figure 4.5: Input disturbance rejection for perturbed plant.

For the input disturbance case, the H., controller was now stable below resonance,
unlike the nominal plant. Apart from that, there were minimal variations in the
behavior of the controllers, with very minor differences in overshoot and recovery
times.
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Discussion

5.1 PI

As observed from the results, the PI controller performed very poorly compared
to the other controllers in most test cases. The simple PI structure with static
gains is incapable of handling the whole operating range. As seen in Fig 4.2, the
overshoots are very large, and large oscillations occur before settling. Clearly, the
proportional term is insufficient to suppress the disturbances, causing large errors
that are accumulated by the integral term (integral windup). Therefore, the de-
sign of PI controllers for LLC converters requires consideration of anti-windup and
saturation methods for proper operation.

5.2 Gain scheduled PI

The gain scheduled PI controller solved the integral windup issue to some extent
by scheduling the gains. Thus, the proportional gain can be varied throughout
the operating range to better suppress disturbances, allowing the integral term to
mostly accumulate only stationary errors. The improvement from gain scheduling
is particularly noticeable for load disturbances above resonance. In this operating
region, the system is overdamped with a lower voltage gain. Therefore, higher
control effort is required. The gain scheduled controller can account for this by
varying the gains. However, the below resonance region was still challenging for the
controller. In this region, the system has a much higher voltage gain, requiring the
gains to be more conservative. This suggests that the gain characteristics for the
modified model may not be fully accurate in this region.

5.3 H. & Uncertain H

Both H., controllers demonstrated improved load disturbance rejection and stabil-
ity compared to the PI controllers across a wider operating range. However, the
controllers still exhibited oscillatory behavior even at the nominal operating point,
suggesting the need for further tuning. The nominal and uncertain variants per-
formed similarly with some differences below and above resonance. The uncertain
controller was tuned more conservatively to account for the specified uncertainty.
Therefore, it displayed better performance in the below resonance region, where the
voltage gain is much higher. However, this caused the uncertain controller to be
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overly conservative in the above resonance region. Conversely, the less conservative
nominal controller exhibited the opposite behavior, showing improved performance
above resonance but worse below resonance.

The input disturbance rejection capabilities were relatively worse compared to the
PI controllers. This can be attributed to the generalized plant formulation, which
does not describe the input disturbance. The state-space model used assumes a
constant input voltage. Modifying the model to include the input disturbance as
an input and thus allowing the controller synthesis to account for it could likely
improve the input disturbance rejection.

54 LPV

The LPV controller was the superior controller among all the controllers evaluated.
It consistently achieved the best performance in terms of disturbance rejection, over-
shoot, and settling time for most test cases. Additionally, it was the only controller
without an oscillatory response to disturbances. The LPV controller was able to
handle the varying voltage gains and dynamics across the entire operating range. It
outperformed both the PI and H,, controllers in load disturbance rejection, making
it a promising choice for LLC converters. However, as discussed previously with the
Hoo controllers, the LPV controller showed relatively worse performance for input
disturbances due to the model structure.

5.5 Perturbed plant

The perturbed plant was specified as the nominal model with a 50% inductance
loss and 10% capacitance loss. The main effect of this is a forward shift of the
operating regions (switching frequency). To achieve the same output voltages, the
converter had to operate at a higher frequency. The effects were negligible for most
controllers except the LPV controller. As observed in Fig 4.4, the LPV controller
overcompensates for load steps, resulting in an undershoot instead. The scheduling
signal fs is used with the wrong assumptions, as the controller is designed with
the nominal model. Consequently, the LPV controller assumes a higher damping
and lower voltage gain (above resonance) compared to the actual system, leading
to aggressive gains and overcompensation of load steps. Despite this behavior, the
controller still managed to outperform the other controllers for the perturbed plant.

This behavior was not observed for the gain scheduled PI controller, possibly indi-
cating that the simple structure of the PI controller was unable to fully make use of
the parameter variation described in the LPV model.
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Conclusion

6.1 Summary

This project evaluated different controller strategies for a resonant LLC converter,
ranging from the classical PI controllers to more robust model-based methods. The
PI controller was unable to handle the varying voltage gains and dynamics of the
converter. The gain scheduled PI controller showed substantial improvements by
adjusting the gains throughout the operating range. However, it still encountered
difficulties when operating below resonance.

The H, controllers showcased improved disturbance rejection over the PI controllers
but suboptimal response times for certain operating regions as the variation in dy-
namics was too large for the static gain controllers to handle. This further em-
phasizes the importance of a scheduled controller approach. In contrast, the LPV
controller managed to handle the entire operating range while maintaining fast re-
sponse times. The robust controller framework combined with a scheduled approach
made the LPV controller a very effective and promising control method for future
work.

6.2 Future work

There are a lot of aspects to further explore with the scheduled controllers. One
interesting aspect is that the scheduling signal Ry, is also the output disturbance of
the system. Thus, it is possible to utilize it not only for scheduling but also as a
measured disturbance input, which can further improve load disturbance rejection.
This can be incorporated as an additional input to the controller or with a separate
feedforward block.

An additional aspect to explore is state estimation for the scheduling signals. The
current scheduling signals are assumed to be measured, requiring additional sensors
for a practical implementation. However, it is possible for the scheduling signals to
be estimated from observed outputs to reduce the sensor count.

The practical implementation of the controllers can also be explored. By investigat-
ing discretization, sampling time, and computational load, further insights can be
gained regarding the practical applicability of the controller.
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