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Robust control for TPS DAB converters
Robust LPV MIMO control of phase shifted full-bridge converters with triple phase
shift modulation - a state-space modeling approach
Gustav Abrahamsson
Martin Andersson
Department of Electrical Engineering
Chalmers University of Technology

Abstract
This thesis investigates the voltage tracking and load disturbance performance of
PSFB-DAB DC-DC converters. The main objective of this thesis is to conclude if
the selected performance metrics can be improved on, by using more sophisticated
controller methods such as model-based robust linear parameter varying controllers.
The results show that robust linear parameter-varying controllers can be used to im-
prove the converters’ ability to track reference voltages and reject load disturbances.
These promising results prove that the necessary model simplifications made still
provide usable controllers. Furthermore, it opens up possibilities to explore more
complex models where the converters’ losses can be modeled and used to synthesize
efficiency-maximizing controllers.

Keywords: PSFB, DAB, SPS, TPS, DC-DC, State-space, LPV, Robust control,
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 Alternating Current
DC Direct Current
DAB Dual Active Bridge
ESR Equivalent Series Resistance
LPV Linear Parameter-Varying
LTI Linear Time-Invariant
MIMO Multiple Input Multiple Output
MISO Multiple Input Single Output
MOSFET Metal-Oxide Semiconductor Field-Effect Transistor
PSFB Phase Shifted Full Bridge
SISO Single Input Single Output
SPS Single Phase Shift
TPS Triple Phase Shift
ZVS Zero Voltage Switching
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Nomenclature

Below is the nomenclature of parameters, and the variables used in this thesis.

Parameters

Rin Primary voltage source Equivalent Series Resistance
Vin Input voltage
C1 Primary side DC-link capacitor
Co Secondary side DC-link capacitor
Lload Load inductance
RL Load resistance
iload Secondary side current source
A State matrix
B Input matrix
C Output matrix
D Feedthrough matrix
Ad Discrete state matrix
Bd Discrete input matrix
APd

Discrete polytope state matrix
BPd

Discrete polytope input matrix
KP Proportional gain
KI Integral gain
KD Derivative gain
Req Equivalent conducting path resistance
RMSF MOSFET conductive resistance
Rtrafo Transformer resistance
B′

d,i Discrete linearized input matrix
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Ēd,i Constant linearization-point offset
Mk Polynomial coefficients
D̃ Previous input phase shift
ūi Input linearization point
W Tunable weights
fs Switching frequency
Ts Switching period
T Controller period

Variables

x State vector
xd Discrete state vector
u Input vector
y Output vector
z Exogenous outputs
w Exogenous inputs
ϕ Phase shift between the two bridges
ϕ1 Primary side phase shift
ϕ2 Secondary side phase shift
D Normalized phase shift between primary and secondary bridges
D1 Primary bridge duty cycle
D2 Secondary side duty cycle
Sn Primary side MOSFET gate signals
Qn Secondary side MOSFET gate signals
vp Primary voltage of transformer
vs Secondary voltage of transformer
∆m Model uncertainty
P Generalized plant
K Controller
u∆ Input perturbation
y∆ Output perturbation
iL Inductor current
io Output current
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vo Output voltage
Pn Polytopes
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1
Introduction

Along with the electrification of society comes a greater demand for electric power
[1]. Loads on the electric infrastructure such as electric vehicles, appliances, and
heating are all contributing to ever-growing requirements on the grid. Hence, both
generating and transferring such high levels of electrical power to keep up with
demands poses a significant engineering challenge.

Maximizing the performance of power electronics is therefore important to both save
energy and money. To achieve this, it is often desirable to apply control methods
that make power systems operate in regions of minimal losses [2]. However, such
control strategies often have room for improvement due to their simplicity, especially
for converters with active components and more degrees of freedom.

1.1 Background

The usage of Dual Active Bridge (DAB) converters has increased in recent years
due to their efficiency and versatility [3]. Traditional converters often extensively
utilize diodes, which in most cases pose significant losses at high power. Decreasing
the losses from the inevitable voltage dropouts caused by the diodes’ threshold
voltage can be mitigated by using higher-quality components. This is something
that increases the cost of the converter, which is not preferable. By avoiding such
diodes and opting for actively controlling MOSFET:s in full bridges, the losses can
be reduced [4].

The DAB converter topology uses a high frequency transformer to isolate the two
DC links [5]. This provides certain benefits, such as protection against voltage spikes
and electrical noise. Undesired current flow between the DC links can be prohibited,
while the safety of the converter can be increased. The added components needed
for isolation does however result in higher component costs [6].

DAB converters enable different control methods, with varying degrees of freedom.
Single Phase Shift (SPS) operation is one of the most simple control strategies, and
Triple Phase Shift (TPS) modulation enables higher efficiency due to the possibility
of Zero Voltage Switching (ZVS) [7].
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1. Introduction

This increases the potential for the converter’s performance, but poses a greater
challenge in terms of control. Having more control signals available increases the
degrees of freedom in terms of affecting the converter, at the cost of having to use
more advanced model-based control strategies [8].

The focus of this thesis is to analyze the dynamics and implement a robust controller
for a Phase-Shifted Full Bridge (PSFB) Dual-Active Bridge DC-DC converter using
TPS- and SPS modulation.

1.2 Objective and scope
This thesis aims to investigate how well different controllers can track a reference
in the output voltage of the converter with an unknown- and variable load. In this
thesis, the number of investigated controllers will be limited to PID- and Linear
Parameter-Varying (LPV) controllers.

To be able to investigate the LPV controllers, models of the converter need to be de-
rived and evaluated, from which the controllers then can be synthesized. Evaluation
of these controllers will be done only with simulations and not on hardware.

1.3 Limitations
The controllers will only be evaluated on voltage tracking performance and load
disturbance rejection. Performance metrics such as losses in the converter will not
be estimated nor analyzed.

The load will be modelled as a nominal resistive and inductive load with an addi-
tional varying current load in parallel. This structure captures the behavior of most
loads relevant to this converter type.

2



2
Theory

In this chapter, the relevant theory will be presented. The functionality of the
converter in question will be explained, as well as the underlying control theory for
the proposed controllers.

2.1 PSFB-DAB converter structure
The PSFB-DAB converter has a symmetric topology that consists of two active
full bridges connected through a transformer [9]. A schematic illustrating this is
shown in Fig 2.1. High frequency switching of the MOSFETs in each full bridge
enables conversion from DC to AC, and back to DC [9]. Furthermore, the symmetric
topology enables bidirectional power transfer through the converter.

C1

S2

S1

S4

S3
L

Q2

Q1

Q4

Q3

C2
1:1

VVp s

Figure 2.1: Structure of a PSFB DAB DC-DC converter.

2.1.1 Modulation
While the switching frequency of the MOSFET:s is fixed, the phase shifts between
some of them are adjustable. These are the three phase shifts ϕ, ϕ1, and ϕ2 which
affect the modulation of the switching signals.

The control signal ϕ changes the phase shift between the two full bridges. It is defined
as the phase shift between the gate signals applied to the S1 and Q1 MOSFET:s.
It is bounded to ±90° (the sign decides power flow direction), but bi-directional
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2. Theory

power flow will not be investigated. Hence, the normalized phase shift D ∈ [0, 1]
corresponds to [0°, 90°].

The remaining ϕ1 and ϕ2 change the phase shift between the two legs in the primary
(S1 and S4) and secondary (Q1 and Q4) bridges respectively. This effectively means
that the phase shift ratio in each bridge can be controlled [7]. Another way of
interpretation this, is to view these phase shifts as duty cycles D1, D2 ∈ [0, 1] of the
output voltage from each bridge. Similarly to ϕ, these normalized versions will be
used when modeling the system.

Additionally, these phase shifts are limited in how fast they can be changed. The
given limits for this converter modulation scheme restricts D, D1 and D2 to a rate
limit of ±0.2 per sample at 25 kHz switching frequency.

2.1.2 SPS modulation
The simplest way to control the converter is through SPS modulation, which only
uses D to control the converter while fixing D1 = D2 = 1. An example of the
waveforms created when the converter is operated with SPS control is shown in Fig
2.2 where vp and vs are the primary and secondary voltages of the transformer.

Figure 2.2: SPS waveforms corresponding to D = 0.5, D1 = 1 and D2 = 1.

While it is more convenient to only have one control variable available, it limits the
potential of the converter [7].

2.1.3 TPS modulation
The most complex modulation approach is TPS modulation, which utilizes all avail-
able control variables D, D1 and D2. An example of the waveforms created when
the converter is operated with TPS control is shown in Fig 2.3.
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2. Theory

Figure 2.3: TPS waveforms corresponding to D = 0.5, D1 = 0.5 and D2 = 0.5.

2.1.4 Dead time
The dead time of the converter is the time between when one leg of a bridge turns
off and when the other leg turns on. The converter must operate with some amount
of dead time to avoid creating a short circuit on either the primary or secondary
side [10].

2.2 Control theory
This section will provide the basic theoretical background necessary to understand
the controllers implemented in this thesis.

2.2.1 PID control
Proportional Integral Derivative (PID) controllers are the most widely used con-
trollers due to how simple they are to implement and how well they can manage to
stabilize and control various systems. They can be implemented without a mathe-
matical model of the system being required. The PID controller is a Single Input
Single Output (SISO) controller with its input signal being an error signal e(t) which
is computed as the difference between the reference and the measured value. The
output of the PID controller u is computed according to equation (2.1).

u = KP · e(t) + KI ·
∫ t

0
e(τ)dτ + KD · d

dt
e(t) (2.1)

The KP term relates to how drastically the controller reacts to the measured error.
Increasing KP will result in a faster but less stable controller. The KI term relates
to how the controller output depends on the integral of the error, where increasing
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KI results in a controller that minimizes steady-state errors, but that’s less stable
and more prone to cause an oscillatory behavior. The KD term relates to how the
controller output depends on the derivative of the error. Increasing the KD term
increases stability but will make the controller sensitive to measurement noise.

2.2.2 State-space form

A system can be represented in state-space if it is a linear time-invariant system
(LTI). For control purposes, modeling systems on state-space form have many ben-
efits, mainly that it provides a solid framework on which the systems can be ana-
lyzed where controllers can be designed systematically [11]. x(t) ∈ Rn×1 is a col-
umn vector containing the states of the system, u(t) ∈ Rm×1 describes the inputs,
while y(t) ∈ Rk×1 is the output. A model on state-space form consists of matrices
A ∈ Rn×n, B ∈ Rn×m, C ∈ Rk×n and D ∈ Rk×m as shown in equation (2.2).
The state-space form of a system is easily obtained if the dynamics of the system
are known, as the state-space form is a system of first order differential equations
written on matrix form.

ẋ(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t)

(2.2)

State-space models are often used when modeling Multiple Input Multiple Output
(MIMO) systems and can also be used to design MIMO controllers.

2.2.3 Robust control

Most control design methods assume that the model of the plant is a perfect rep-
resentation of the real plant. Robust control theory provides the tools necessary to
model additional uncertainties such as measurement noise, plant disturbances and
model uncertainties in a way that makes the controller aware of these uncertainties.
The robust model structure is shown in Fig 2.4 where the ∆ function represents
uncertainties in the model. It is assumed to be bounded, and that ||∆||∞ < 1. The
P block is the generalized plant block which contains the plant along with potential
weights used to tune the system, and the K is the controller of the system.
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Figure 2.4: General ∆-P-K structure.

The controller K is chosen in such a way that the gain from the disturbances w
to the performance metrics z is minimized [12]. Examples of disturbances are ref-
erence signals, measurement noise and process noise. The performance metrics are
set in such a way that they reflect the desired behavior of the controller. Exam-
ples of performance metrics could be tracking errors ze or control signal usage zu.
Potential weights in the form of transfer functions can be used to alter the con-
troller’s response to certain signals depending on their frequency. For instance, if
low control signal activity is desired, a high-pass filter as weight Wu will penalize
high frequency signals. This results in amplification of high frequent control signal
usage, thus discouraging the controller from using high frequency control signals.

The gain from w to z can be minimized in different ways. The two most commonly
used system norms are the H2 and H∞ norms. The H2 norm takes the gain at all
frequencies into account, whereas the H∞ norm only focuses on peak gain. These
two different ways of computing the gain influences the behavior of the controller.
Using the H2 norm will result in a controller that seeks to minimize the effects of
the disturbances for all frequencies, while the H∞ norm seeks to minimize the worst
case gain.

2.2.4 Linear parameter-varying control (LPV)
LPV controllers are used for systems that have a linear parameter dependency.
The varying system matrices of a LPV system poses challenges when synthesizing
controllers. An option to solve this, is to schedule the model at various operating
points based on measured parameter values. This approach results in numerous
linear controllers only valid for specific parameter values. The generated control
signal is an output of a system interpolated between multiple controllers in the

7



2. Theory

vicinity of the current parameter values.

In this thesis, the MATLAB toolbox LPVTools [13] is used. This toolbox provides
the tools and functions necessary to model and synthesize robust controllers for LPV
systems. Given bounds on the parameter values and their derivatives, LPVTools
features functions that synthesize robust controllers. This is performed such that
the given system is stable in every point, while also minimizing the L2 norm. Poten-
tial parameter changes are taken into account by the previously stated parameter
derivative bounds.
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3
Modeling

A requirement set on the model, is that it must be possible to synthesize controllers
with frequencies equal to the switching frequency of the MOSFETs. This is due to
the limit in control loop frequency.

3.1 SPS modeling

In this section, the derivations for the SPS model are presented.

3.1.1 Stages
The bridges can directly apply, invert, or disconnect their respective voltages on the
transformer, creating the wave forms of the primary and secondary voltages vp and
vs. These voltages are therefore modelled as either positive, zero, or negative, which
will from now on be referred to as ’+’, ’0’, and ’−’ respectively.

The different combinations of {vp, vs} during SPS modulation are therefore labeled
{++}, {+−}, {−+}, and {−−}, and will be referred to as ’stages’. For simplicity,
the conducting behavior of the body diodes is neglected. Illustrations of these stages
are shown in Fig 3.1 to 3.4.

Figure 3.1: Stage {++}. MOSFETs S1, S4, Q1, Q4 are conducting.
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3. Modeling

Figure 3.2: Stage {+−}. MOSFETs S1, S4, Q2, Q3 are conducting.

Figure 3.3: Stage {−+}. MOSFETs S2, S3, Q1, Q4 are conducting.

Figure 3.4: Stage {−−}. MOSFETs S2, S3, Q2, Q3 are conducting.

3.1.2 Equivalent circuits
Each stage can be expressed as its own equivalent circuit without active components.
This is because each stage is representing the converter given a combination of
switch states. The usage of model error compensation in the controller will enable
the following approximations to generate a model sufficiently accurate for control
synthesis.

10



3. Modeling

The transformer has a winding ratio of 1:1, and the magnetizing inductance of the
transformer Lmag is considerably larger than the leakage inductance L. The model
in this thesis can then be simplified as merely the leakage inductance, resistance
(Rtrafo) and a direct coupling between the two bridges.

The MOSFET:s are therefore replaced with their conducting resistances. The equiv-
alent resistance Req is then approximated to be equal to the primary voltage source
equivalent series resistance (ESR), conducting resistance of the MOSFET:s and con-
ducting resistance of the transformer, namely

Req = Rin + 4RMSF + Rtrafo. (3.1)

Furthermore, dynamics posed by the parasitic capacitance of the MOSFET:s are
negligible for this model, and will therefore not be represented in the equivalent
circuit.

The DC-link capacitor on the primary side (C1) is neglected due to it not being
necessary for this thesis’ purposes. Adding it will increase the order of the model, but
not add valuable information. The voltage over C1 will be stable during operation,
i.e. that vC1 ≈ Vin, with the assumption that the true source voltage is able to
supply the rated amount of current. Vin in the equivalent circuit is then assumed to
be constant.

The equivalent circuits for all SPS stages are illustrated in Fig 3.5 - 3.8.

−
+Vin

Req L

+ −vL

iL(t)

iloadCo

+

−

vo(t)

Lload

io(t)

RL

Figure 3.5: The equivalent circuit for stage {++}.
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−
+Vin

Req L

+ −vL

iL(t)

iloadCo

−

+

vo(t)

RL

io(t)

Lload

Figure 3.6: The equivalent circuit for stage {+−}.

−
+Vin

Req L

+ −vL

iL(t)

iloadCo

+

−

vo(t)

Lload

io(t)

RL

Figure 3.7: The equivalent circuit for stage {−+}.

−
+Vin

Req L

+ −vL

iL(t)

iloadCo

−

+

vo(t)

RL

io(t)

Lload

Figure 3.8: The equivalent circuit for stage {−−}.

3.1.3 SPS state-space modeling
All the derived equivalent circuits are constructed with passive components, and
can thereby be modeled as continuous LTI state-space models. The time-varying
state vector x consists of inductor current iL, output current io and output voltage
vo. The input u is composed of converter input voltage Vin and load disturbance
iload. While Vin ∈ [550 V, 850 V ], it is assumed to be constant. Additionally, all
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component values in the circuit are assumed to be constant. These models are shown
in equations (3.2) - (3.6).

x =

iL

io

vo

 , u =
[

Vin

iload

]
(3.2)

A{++} =


−Req

L
0 −1

L

0 −RL

Lload

1
Lload1

Co

−1
Co

0

 , B{++} =


1
L

0
0 0
0 −1

Co

 (3.3)

A{+−} =


−Req

L
0 1

L

0 −RL

Lload

1
Lload−1

Co

−1
Co

0

 , B{+−} =


1
L

0
0 0
0 −1

Co

 (3.4)

A{−+} =


−Req

L
0 −1

L

0 −RL

Lload

1
Lload1

Co

−1
Co

0

 , B{−+} =


−1
L

0
0 0
0 −1

Co

 (3.5)

A{−−} =


−Req

L
0 1

L

0 −RL

Lload

1
Lload−1

Co

−1
Co

0

 , B{−−} =


−1
L

0
0 0
0 −1

Co

 (3.6)

For SPS, the only time the vp or vs voltages are zero is during dead time, but this
is omitted for this SPS model. To create a model that can be used for control
synthesis, these four models need to be combined into one unified model.

During SPS-operation, the only control variable available is the phase-shift (D)
between the full bridges. It is also determining the duration which is spent in
each of the four stages during a switching period. Its maximum value is 1, which
corresponds to a quarter of the switching period. This is illustrated in Fig 3.9.
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Figure 3.9: The voltages vp (red), vs (blue) and the durations of each stage in
SPS.

In this thesis, the desired sampling period of the model T (the given control loop
period) corresponds with the switching period of the converter Ts, hence

T = Ts. (3.7)

These durations are then labeled according to equation (3.8).

t{++} = (1
2 − D

4 )T , t{−+} = D

4 T , t{−−} = (1
2 − D

4 )T , t{+−} = D

4 T (3.8)

These durations are defined as the time spent in each stage, and the sum represents
the time before returning to the same stage again, which explains why t{++}+t{−+}+
t{−−} + t{+−} = T regardless of D.

3.1.4 Averaged model
One way to condense these state-space models into one, is to average over one
switching period. This method does however result in an unusable model since the
averaged Bavg matrix only contains zeroes in the first column.

Bavg = B{++} · t{++} + B{−+} · t{−+} + B{−−} · t{−−} + B{+−} · t{+−}

T
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=

0 0
0 0
0 − 1

Co

 (3.9)

This means that the input voltage has no influence over the output voltage, which
it has in reality. This approach of modeling is therefore not a viable option, since it
does not adequately capture the behavior of the converter.

3.1.5 Switching stage model
In this thesis the proposed approach is that every stage is modeled as a step of a
discrete state-space model. Similar existing research have presented such models,
but have ended up with elements in the matrices that switch during a switching
period [14]. This thesis presents a model where the sampling time T is chosen as the
converter switching frequency Ts, to avoid any discontinuous model switching. This
allows for an entire switching period to be modeled as one complete discrete step,
by evaluating the four consecutive stages with their respective durations depending
on D. To enable this, each state-space matrix in equations (3.3) - (3.6) is discretized
according to equation (3.10).

Ad = eAt, Bd = A−1(Ad − I)B (3.10)

Given the state vector xn (at sample index n), all stages can be compiled into one
complete step to xn+1 by evaluating each stage consecutively. Assuming that the
initial stage is {++} (xn is precisely when stage {++} starts), and that the input
un is constant over one switching period, the following expressions are produced.
Note that e.g. xd{++} signifies the state vector once stage {++} has been evaluated.

xd{++} = Ad{++}xn + Bd{++}un (3.11)

xd{−+} = Ad{−+}
(
Ad{++}xn + Bd{++}un

)
+ Bd{−+}un (3.12)

xd{−−} = Ad{−−}
(
Ad{−+}

(
Ad{++}xn + Bd{++}un

)
+ Bd{−+}un

)
+ Bd{−−}un (3.13)

xn+1 = xd{+−} = (3.14)
Ad{+−}

(
Ad{−−}

(
Ad{−+}

(
Ad{++}xn + Bd{++}un

)
+ Bd{−+}un

)
+ Bd{−−}un

)
+ Bd{+−}un

15



3. Modeling

The following sample xn+1 in the model is chosen as the state vector when stage
{+−} is evaluated. This is because the end of stage {+−} is the start of stage
{++}. Its formula (3.14) can be rewritten by separating xn and un to extract the
complete matrices Ad(D) and Bd(D).

xn+1 = (Ad{+−}Ad{−−}Ad{−+}Ad{++})︸ ︷︷ ︸
Ad(D)

xn+ (3.15)

+ (Bd{+−} + Ad{+−}Bd{−−} + Ad{+−}Ad{−−}Bd{−+} + A{+−}Ad{−−}Ad{−+}Bd{++})︸ ︷︷ ︸
Bd(D)

un.

The combined discrete model is then given by

xn+1 = Ad(D)xn + Bd(D)un, un =
[

Vin

iload

]
. (3.16)

The fact that un = [Vin iload]T makes it unsuitable for control synthesis, which
calls for reformatting of the model. This is because the input to the model has to
be expressed in terms of the available control variables, which is D for SPS. This
means that a change of variables is needed, such that D becomes the input to the
system and Vin becomes a parameter in the model. To achieve this, the matrices’
D dependency must be analyzed and adapted such that the model can be written
on the form

xn+1 = Ad(D)xn + Bd(Vin)un , u =
[

D
iload

]
. (3.17)

Note that
∂Bd(Vin)

∂Vin

= 1 (3.18)

i.e. that the dependency of Vin is merely linear, which means that Vin is in practice
linearly scaling the B-matrix of the system. This is because it is a linear input to
the previous system in equation (3.17).

Evaluating the A-matrix of this system gives

Ad(D) = Ad{+−}Ad{−−}Ad{−+}Ad{++} =

= eA{+−}( D
4 T )eA{−−}(( 1

2 − D
4 )T)eA{−+}( D

4 T )eA{++}(( 1
2 − D

4 )T) (3.19)
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The chosen stage order aligns the A-matrices in such a way that the D-dependency
cancels out when the symmetries A{+−} = A{−−} and A{++} = A{−+} from equations
(3.3) - (3.6) are applied [14]. Hence,

Ad(D) = eA{−−}( D
4 T )eA{−−}(( 1

2 − D
4 )T)eA{++}( D

4 T )eA{++}(( 1
2 − D

4 )T)

∴ Ad = eA{−−}( T
2 )eA{++}( T

2 )

∂Ad

∂D
= 0.

(3.20)

The D dependency of Bd(D) was examined using MATLAB with Symbolic Toolbox
[15] due to its complexity. Each element of Bd(D) for D ∈ [0, 1] is shown in Fig
3.10.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D

-0.04

-0.02

0

0.02
B1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D

-4

-2

0

2

4

10
-3 B2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D

0

0.01

0.02

0.03

0.04

B3

Figure 3.10: The elements of Bd(D).

This means that the phase shift has a non-linear effect on the system and thus
cannot be expressed as an LTI system.
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3.1.6 Linearized SPS model
A possible solution to the fact that D is not a linear input, is by linearizing Bd(D)
with respect to D. Note that this is not linearization around equilibirum points, and
merely for changing control inputs. This results in multiple linear models that are
scheduled by D. Additionally, Vin is included in the new B-matrix as a parameter.

Bd(D) ≈ ∂(Bd(D)Vin)
∂D

∣∣∣∣∣
D̄i︸ ︷︷ ︸

B′
d,i

(D − D̄i) + Bd(D̄i)Vin

= B′
d,iD − (B′

d,iD̄i − Bd(D̄i)Vin)︸ ︷︷ ︸
Ēd,i

(3.21)

= [B′
d,i − Ēd,i]

[
D
1

]
︸ ︷︷ ︸

u′

(3.22)

When the model is used (either for simulation or control), the value of D at sample
n is not available at sample n, which means that it can not be used as a scheduling
parameter. Instead, the previous input D̃ = Dn−1, can be used. Due to the fact
that D is rate limited, there is a maximum bound on how incorrect this assumption
is.

3.1.7 Input parametric model
Another approach is to extract a single D term from each Bd element, and use the
extracted D term as the input to the system. Then, treat all remaining D terms still
in the B matrix as known parameters, which get evaluated with the previous input
value. Similarly to the linearized model, Vin is included in Bd(D). This approach is
viable since Bd(D) can be expressed as a polynomial in D, hence

Bd(D) = Bd(0) + M1D + M2D
2 + M3D

3 + . . . + MnDn , Mk ∈ R3. (3.23)

By extracting D from the terms that include it, and defining the constant offset
B̄d = Bd(0), Bd(D) can be written on the following form

Bd(D) = (M1 + M2D + M3D
2 + . . . + MnDn−1)︸ ︷︷ ︸

B̃d(D)

D + B̄d
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= B̃d(D)D + B̄d (3.24)

Similarly to the linearized model, the value of D from the previous sample (D̃) can
be used as a parameter.

Bd(D) = B̃d(D̃)D + B̄d (3.25)

This approach allows for a single model to be used, as opposed to the several needed
with the linearization approach. The accuracy of the model is however dependent
on control input usage, as this method assumes that the input to the system in
the previous switching period is the same as the input applied to the system at the
current switching period.

3.1.8 Relative error of SPS models
Both the linearized- and input parametric models were compared with a Simscape
electrical [16] model of the system, which was used to evaluate their accuracy. By
sweeping between 15 Hz and 15 kHz and computing the mean relative error, fre-
quency dependent error can be obtained. The specified range is chosen to capture
most frequencies of the control input during operation. This is displayed in Fig 3.11.
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Figure 3.11: Relative model error with respect to input frequency for the
linearized- and input parametric model.
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3.2 TPS Modeling

To derive a TPS model of the system, a similar approach for the SPS model was
used. The additional control variables D1 and D2 open up the possibility for the
converter to operate in additional stages than the four available for the SPS model.
These additional stages arise due to that the primary- and secondary voltages now
can arrive in the ’0’ state. This means that there are 5 new possible stages for TPS
modulation when compared to SPS.

3.2.1 Equivalent TPS circuits

The new stages in question are {+0}, {−0}, {0+}, {0−}, {00}, and their respective
equivalent circuits are shown in Figs 3.12 - 3.16.

−
+Vin

Req L

+ −vL

iL(t)

Co

+

−

vo(t)

Lload

io(t)

RL

iload

Figure 3.12: The equivalent circuit for stage {+0}. Co and the load are discon-
nected from the transformer.

−
+Vin

Req L

+ −vL

iL(t)

Co

+

−

vo(t)

Lload

io(t)

RL

iload

Figure 3.13: The equivalent circuit for stage {−0}. Identical to {+0}, but Vin is
inverted.
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Req L

+ −vL

iL(t)

iloadCo

+

−

vo(t)

Lload

io(t)

RL

Figure 3.14: The equivalent circuit for stage {0+}. Identical to {++}, but the
primary side is disconnected (Vin = 0).

Req L

+ −vL

iL(t)

iloadCo

−

+

vo(t)

RL

io(t)

Lload

Figure 3.15: The equivalent circuit for stage {0−}. Identical to {+−}, but the
primary side is disconnected (Vin = 0).

Req L

+ −vL

iL(t)

Co

+

−

vo(t)

Lload

io(t)

RL

iload

Figure 3.16: The equivalent circuit for stage {00}. Identical to {+0}, but the
primary side is disconnected (Vin = 0).

The circuits are still solely composed of passive components, which means that state-
space models can be derived from each one of them. These are shown in equations
(3.26) – (3.30).
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A{+0} =


−Req

L
0 0

0 −RL

Lload

1
Lload

0 −1
Co

0

 , B{+0} =


1
L

0
0 0
0 −1

Co

 (3.26)

A{−0} =


−Req

L
0 0

0 −RL

Lload

1
Lload

0 −1
Co

0

 , B{−0} =


−1
L

0
0 0
0 −1

Co

 (3.27)

A{0+} =


−Req

L
0 − 1

L

0 −RL

Lload

1
Lload1

Co

−1
Co

0

 , B{0+} =

0 0
0 0
0 −1

Co

 (3.28)

A{0−} =


−Req

L
0 1

L

0 −RL

Lload

1
Lload−1

Co

−1
Co

0

 , B{0−} =

0 0
0 0
0 −1

Co

 (3.29)

A{00} =


−Req

L
0 0

0 −RL

Lload

1
Lload

0 −1
Co

0

 , B{00} =

0 0
0 0
0 −1

Co

 (3.30)

3.2.2 Duration of the TPS stages
Similarly to the SPS case, the control variable D affects the duration the converter
spends in each stage. With the additional inputs D1 and D2, the order in which the
converter moves through the stages is determined by these control variables as well.

The waveform for the primary side voltage vp only depends on D1. Its sign is initially
{+}, before then moving through the other signs in the order shown in table 3.1.

Table 3.1: Time spent in each primary side voltage sign.

Time spent in stage sign
D1

T
4 {+}

(1 − D1) T
2 {0}

D1
T
2 {−}

(1 − D1) T
2 {0}

D1
T
4 {+}

The waveform for the secondary voltage vs depends on both D and D2. Unlike the
primary side, the initial stage is not constant and depends on the relation between
D and D2 according to equation (3.31).

22



3. Modeling

D2 ≥ D → {+}
D2 < D → {0}

(3.31)

These two different initial stages create two possible ways for the secondary voltage
to move through its signs. These two possibilities are shown in Table 3.2.

Table 3.2: Time spent in each secondary sign.

D2 ≥ D
Time spent in sign sign

(D + D2) T
4 {+}

(1 − D2) T
2 {0}

D2
T
2 {−}

(1 − D2) T
2 {0}

(−D + D2) T
4 {+}

D2 < D
Time spent in sign sign

(D − D2) T
4 {0}

D2
T
2 {+}

(1 − D2) T
2 {0}

D2
T
2 {−}

(1 − D − D2) T
4 {0}

3.2.3 Order of the TPS stages
The number of unique stage orders that are possible needs to be computed to know
how many models are needed to fully model the converter’s TPS behavior. The
boundary between two different stage orders is defined as when vp and vs change
sign at the same time. An example of this is shown in Fig 3.17 where the control
variable D1 is changed from 0.3 to 0.7. This changes the order in which the stages
are occurring from {+0} → {00} → {0+} . . . as seen in Fig 3.17a to the order shown
in Fig 3.17b, which is {+0} → {++} → {0+} . . .

-

0

+
Vp

Vs

t

(a) D = 1, D1 = 0.3, D2 = 0.5
-

0

+
Vp

Vs

t

(b) D = 1, D1 = 0.7, D2 = 0.5

Figure 3.17: Primary and secondary voltage waveforms with two different stage
orders.

This change occurs because vp changes sign after vs. These two changes are related
to the first time expressions presented in Tables (3.1) – (3.2). The times when these
two initial sign changes takes place (assuming that the primary side starts off with
sign {+}) can be expressed as

23



3. Modeling

tp = D1
T

4 , ts = (D − D2)
T

4 . (3.32)

tp and ts represent when the primary and secondary voltage change their respective
signs. By setting these two expressions equal to each other, the following expression
dependent on D, D1 and D2

D = D1 + D2. (3.33)

Equation (3.33) can be visualized in control-space as a plane that represents the
boundary between two different stage orders. since all control variables have been
normalized, the control-space is simply the unit cube. The plane defined by equation
(3.33) has been visualized in Fig 3.18 which shows that the plane divides the control-
space up into two polytopes where the order of the stages are different.

Figure 3.18: The boundary between two different stage orders defined by D =
D1 + D2.

The same logic can be extended to all possible combinations of sign changes. These
combinations consist of all possible ways of combining the times from Table 3.1
with the two lists of times presented in Table 3.2. This gives rise to 50 distinct
time combinations, and thus planes, that can be visualized in control-space. Many
of these combinations are however not possible, which is reflected by that their
respective plane does not intersect the unit cube. For those constraints to change
the order of the stages, the control variables would have to inhibit values outside
the range of which they are defined. By analyzing these planes, there exist only 5
that intersect the unit cube. These planes are defined by
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D = D1 − D2

D = D1 + D2

D = 2 − D2 − D1

D = D2 − D1

D = D2.

(3.34)

By plotting the planes defined by equation (3.34), the control signal domain gets
divided into 8 polytopes as visualized in Fig 3.19. Each polytope corresponds to
a unique stage order, and the collection of these 8 polytopes defines every possible
stage order with TPS modulation.

Figure 3.19: All boundary planes that intersect with the unit cube.

To model the TPS behavior, each polytope needs to be modeled. Each polytope is
defined by its boundary planes, and any point Pi defined by equation (3.35) can be
used to identify in which polytope P1 through P8 a point is located by the set of
linear inequalities presented in equation (3.36).

p =

 D
D1
D2

 , D ∈ [0, 1], D1 ∈ [0, 1], D2 ∈ [0, 1] (3.35)
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p =



P1, D ≥ (D1 + D2)
P2, D ≥ (2 − D2 − D1) ∧ (D ≥ D2)
P3, D ≤ (D1 − D2) ∧ (D ≥ D2)
P4, D ≥ (D1 − D2) ∧ (D ≥ D2) ∧ (D ≤ D1 + D2) ∧ (D ≤ 2 − D2 − D1)
P5, D ≤ (D2) ∧ (D ≥ D1 − D2) ∧ (D ≥ D2 − D1) ∧ (D ≤ 2 − D2 − D1)
P6, D ≤ (D2 − D1)
P7, D ≥ (2 − D2 − D1) ∧ (D ≤ D2)
P8, D ≤ (D1 − D2) ∧ (D ≤ D2)

(3.36)

A visual representation of equation (3.36) is shown in Fig 3.20, where the center of
each polytope has been identified. Additionally, an exploded view of the polytopes
is shown in Fig 3.21.

Figure 3.20: All polytopes defined
by the boundary planes.

Figure 3.21: An exploded view of
the polytopes.

With the stage order of all polytopes identified, the modeling of each polytope is done
similarly to the SPS model, where each stage is discretized. The entire switching
period is modelled by multiplying the previous state vector xn by each consecutive
stage, according to the corresponding polytope order presented in Table 3.3.
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Table 3.3: Stage order for each polytope

Stages
Polytope 1 2 3 4 5 6 7 8 9

1 {+0} {00} {0+} {00} {−0} {00} {0−} {00} {+0}
2 {+0} {++} {0+} {−+} {−0} {00} {0−} {+−} {+0}
3 {+0} {++} {+0} {00} {−0} {−−} {−0} {00} {+0}
4 {+0} {++} {0+} {00} {−0} {−−} {0−} {00} {+0}
5 {++} {0+} {00} {−0} {−−} {0−} {00} {+0} {++}
6 {++} {0+} {00} {0−} {−−} {0−} {00} {0+} {++}
7 {++} {0+} {−+} {−0} {−−} {0−} {+−} {+0} {++}
8 {++} {+0} {00} {−0} {−−} {−0} {00} {+0} {++}

These polytopes give rise to a set of paths through the possible stages. An example
of this, namely polytope 5, is displayed in Fig 3.22.

Figure 3.22: The order of the stages for polytope 5, with initial stage {++}.

The general way of computing the next state vector is shown in equation (3.37),
where Ān and B̄n corresponds to the A and B matrices related to the n:th stage in
the polytope’s list of stages.

xstage_1 = Ā1xn + B̄1u

xstage_2 = Ā2(Ā1xn + B̄1u) + B̄2u

...
xn+1 = Ān(Ān−1(. . . (Ā1xn + B̄1u) + B̄2u) + . . . + B̄n−1u) + B̄nu

(3.37)

To create a model usable for controller design, the presented expression in equation
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(3.37) which describes the relationship between xn+1 and xn needs to be converted
to state-space form. The n:th polytopes state dependency matrix A and input
dependency matrix B can be extracted and expressed as shown in equations (3.38)
and (3.39).

APn = Ā1 · Ā2 · Ā3 · Ā4 · Ā5 · Ā6 · Ā7 · Ā8 · Ā9 (3.38)

BPn = (B̄8+
Ā8B̄7+
Ā8Ā7B̄6+
...
Ā8Ā7Ā6Ā5Ā4Ā3B̄2+
Ā8Ā7Ā6Ā5Ā4Ā3Ā2B̄1)u

(3.39)

Using these matrices as shown in equation (3.40) will not provide usable controllers.
This is because u, in this case, relates to the input voltage Vin and load disturbance
iload. The desired input vector consists of the three normalized phase shifts D, D1,
D2 and the load disturbance iload. Each Ā and B̄ matrix inherit some dependency
on D, D1 or D2 due to the discretization.

xn+1 = APnxn + BPnu (3.40)

The D, D1 and D2 dependency of APn and BPn is non-linear in D, D1 and D2. This
makes the isolation approach made in the SPS case impossible in this case, due to the
interdependency between the desired inputs. To capture the desired input behavior
of the TPS controlled converter, APn is evaluated, while BPn is linearized. This is
done for a set of points in a 3D grid, with the linearization performed according to
equations (3.41) and (3.42).

ĀPn = APn|ūi
. (3.41)
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B̄Pn = ∂ (BPn(u)Vin)
∂u

∣∣∣∣∣
ūi︸ ︷︷ ︸

B′
Pn,i

(u − ūi) + Bd(ūi)Vin

= B′
Pn,iu − B′

Pn,iūi + Bd(ūi)Vin︸ ︷︷ ︸
=ĒPn,i
Constant

= B′
Pn,iu − ĒPn,i =

[
B′

Pn,i −ĒPn,i

]  u
iload

1



(3.42)

The linearized model enables controller design for each of the n polytopes, as it can
be written on the form shown in equation (3.43).

xn+1 = ĀPnxn + B̄Pn


D
D1
D2
iload

1


︸ ︷︷ ︸

u′

(3.43)

The number of parameter grid points used for the synthesized controller was selected
as 3 points each for the parameters D, D1 and D2. This resolution ensures that there
is at least one linearization point located in each polytope, except for polytopes 4
and 5. Increasing this resolution equally for D, D1 and D2 increases the number
of points cubically, which poses a greater challenge in terms of implementation.
Synthesizing controllers at higher parameter resolutions is more time intensive, and
increasing the number of grid points puts a greater demand on available memory
and computation power for implementation purposes. Keeping this resolution as
small as possible is therefore vital. However, an insufficient amount of points leads
to important dynamics being lost, since the dynamics for the polytopes differ.

For the final parameter Vin, only two points at the edges of the voltage range were
chosen, located at 550 V and 850 V . This limited resolution is deemed sufficient, as
the input voltage has a linear effect on the B matrix. Ensuring that the controller
interpolates between grid points captures the behavior of input voltages within the
voltage range.

The model’s accuracy was evaluated similarly to the SPS case, but with two more
inputs. Frequencies at varying combinations were injected to the model, and their
respective mean relative errors were computed at each point by comparing against
the Simscape model. The results are visualized in Fig 3.23 as a 3D grid of points,
with their color representing the relative errors. The figure visualizes the trend that
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3. Modeling

the model’s accuracy is dependent on the difference in frequency between the main
phase shift D and the two duty cycles D1 and D2.

Figure 3.23: Individual layers of relative error, extracted from the cube.
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Controller design

In this section, the creation of the three controllers is presented. The relevant
structures and weights involved are also presented.

4.1 SPS PID

The PID controller was tuned using the input parametric model, rather than the
linearized model, due to its higher accuracy. For synthesis, the MATLAB function
pidtune() was used, which returns a PID controller based on an LTI model. Due
to the non-adaptive behavior of such PID control, the input-parametric (varying)
model was evaluated at average parameter values D̃ = 0.5 and Vin = 700 V. This is
to create a nominal model of the converter during SPS, from which the PID controller
could be tuned. The resulting KP , KI and KD values are shown in equation (4.1).

KP = 0.0219, KI = 45.8500, KD = 7.6773 · 10−7 (4.1)

4.2 SPS LPV controller

To allow for robust controller synthesis, the elements of the ∆-P -K structure need
to be selected. The generalized plant model P was designed as shown in Fig 4.1.
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4. Controller design

Figure 4.1: ∆-P -K structure of the SPS system.

The disturbance w consists of reference r, measurement noise n and load disturbance
d (iload). Performance metrics zu and ze depict the controller- and error performance
respectively.

The weight We related to the tracking error was selected as a low-pass filter. This is
because the controller should focus on reaching the steady state set by the reference,
while high frequent errors should not be prioritized. This is because high-frequency
errors perceived by the controller could be due to measurement noise or the voltage
ripple from the modulation, and not due to poor tracking performance.

We = 0.001s + 1005
s + 100.5 (4.2)

The weight Wr was used for additional tracking tuning. It is expressed as a low-pass
filter, incentivizing the controller not to track with high-frequency.
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4. Controller design

Wr = 1
0.0003s + 1 (4.3)

The weight Wu describes the penalty of control usage. It is set to a high constant
gain, such that the controller will be conservative in its control signal usage. Making
sure that the controller generates outputs within the range of D, D1 and D2 is crucial
to minimize the need of saturation of control signals.

Wu = 1000 (4.4)

The weight Wm describing model uncertainties was selected as high-pass filter. This
is due to the fact that the model is less accurate at higher control signal frequencies,
as shown in Fig 3.11. The transfer function was selected to capture the frequency-
dependent error, with an additional factor.

Wm = 0.9s2 + 4816s + 1.289 · 107

s2 + 5.077 · 104 + 1.289 · 109 (4.5)

The weight Ga is describing the model’s ability to affect the system, and was set to
a constant gain to achieve similar results to Wu. It also incentives the controller to
only generate control signals which do not violate the constraints put on the system.

Ga = 2 (4.6)

The weight Wi is related to how the model feedbacks its integral error to the con-
troller. It is is set to a constant gain, allowing for simple tuning of how much it
should care about the integral error.

Wi = 100 (4.7)

The weight Wd describes the model disturbances, and was selected as a constant
gain. This is due to the load steps containing all frequencies.

Wd = 10 (4.8)

The weight Wn is related to the measurement noise, and was selected as static
gain. The measurement noise is expected to be a high frequency signal, but may
include some bias. It is therefore modeled as a fixed value (2) for the measured
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4. Controller design

voltage. However, for the integral error, the low-pass nature of integration enables
the controller to trust it to a higher degree.

Wn =
[
2 0

]
(4.9)

Given the weights and structure as shown above, the SPS controller was synthesized
in MATLAB by using the function lpvsyn().

4.2.1 TPS LPV controller
The structure of the TPS LPV controller is shown in Fig 4.2 where the weights
for the TPS case are chosen with the same intentions as for the SPS case. This
is due to the fact that both cases seek to achieve the same results, with the main
difference being that more weights needs to be set for TPS. This is due to the extra
control signals used by the TPS model, resulting in some weights becoming matrices
of transfer functions.

Figure 4.2: ∆-P -K structure of the TPS system.
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The weights of We have been tuned based on the results from Fig 3.23.

We = 0.001s + 100
s + 0.1 (4.10)

Wu =


10s2+2.083·104s+2.169·107

s2+6586s+2.169·107 0 0
0 10s2+2.083·104s+2.169·107

s2+6586s+2.169·107 0
0 0 10s2+2.083·104s+2.169·107

s2+6586s+2.169·107

 (4.11)

Wm =


0.9s+257.7
s+2.577·104

0.1s+810
s+675

0.1s+810
s+675

0.1s+810
s+675 0.1 0.9s+257.7

s+2.577·104
0.1s+810

s+675
0.9s+257.7
s+2.577·104

0.9s+257.7
s+2.577·104

 (4.12)

Ga =


1.25s+387.9

s+646.6 0 0
0 1.25s+387.9

s+646.6 0
0 0 1.25s+387.9

s+646.6

 (4.13)

Wi = 0.5 (4.14)

Wd = 0.5 (4.15)

Wn =
[

10
0.1

]
(4.16)

Given the weights and structure as shown above, the TPS controller was synthesized
in MATLAB by using the function lpvsyn().

4.2.2 Auxiliary controller features
The restrictions put on the control inputs severely affect the closed loop perfor-
mance. The fact that D, D1, and D2 are all constrained to [0, 1] and rate limited
to ±0.2/sample, means that saturated control inputs are highly likely. With all
controllers having some sort of integral action, such saturation can lead to integral
windup.

To counter this, anti-windup can be added to the controllers. Simulink’s PID block
includes this feature, but it has to be implemented separately for both LPV con-
trollers. For SPS LPV, there is only one controller output u = D that can saturate.
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During saturation (and/or rate limiting), the difference between raw- and restricted
control input can be used to decrease the error (with gain KAW ) that the controller
perceives. This way, the controller does not integrate an excessive amount of error
when the control input is saturated. An illustration of this is displayed in Fig 4.3.

Figure 4.3: The implementation of anti-windup for the SPS LPV controller.

Anti-windup for the TPS LPV controller is more complicated due to its MIMO
behavior (u = [D D1 D2]T ). Instead of having merely one control input that can
saturate, there are now three that can saturate and rate limit independently of
each other. The solution in this thesis is built on a combination of all three. By
computing the product of all saturation differences, scaling it with an anti-windup
gain KAW , and subtracting it from the error that is integrated, integral windup
can be reduced. Additionally, a low-pass filter is added to prevent the feature from
causing high-frequency oscillations. This concept is illustrated in Fig 4.4.

Figure 4.4: The implementation of anti-windup for the TPS LPV controller.

This implementation ensures that the anti-windup effect only activates once all the
three control inputs are saturated, since if at least one is not, then the product
becomes zero.

4.3 Evaluation
All tests will be performed with the converter and controller both operating at 25
kHz with the parameters shown in Table 4.1 and the input voltage set at 850 V.
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Additionally, the Simscape circuit will be used as a plant, with 250 ns of dead-time.
The performance of the controllers will be evaluated on how well they perform at
voltage tracking, load regulation, and model uncertainties such as dead-time.

Table 4.1: Component values.

Component Value
Rin 0.05 W
RMSF 13.5 · 10−3 W
Rtrafo 0.0414 W
RL 10 W
Co 120 · 10−6 F
Lmag 2 · 10−3 H
Lload 10−3 H
Lleakage 3.6 · 10−5 H

4.3.1 Performance metrics
The performance metrics for voltage tracking are

• Rise time [ms]

• Overshoot [%]

• Settling time (time to reach steady state within 4 V of voltage reference) [ms],

while the metrics for disturbance rejection are

• Maximum deviation [% of current voltage]

• Settling time (time to reach steady state within 4 V of current voltage) [ms].

The specified 4 V range for the settling time metric is based on the voltage ripple of
the converter. At steady state, the only deviations from the reference are induced
by the saw-tooth like waveform of the voltage. Selecting 4 V as the threshold will
therefore give a metric on how fast the controllers are able to pull the voltage to the
reference at steady state.

Voltage tracking refers to the controllers’ ability to control the output voltage to
track a given reference voltage. Each controller will be given a voltage reference to
follow, and their performance will be evaluated using the performance metrics.

Load regulation refers to how well the controller is able to keep the desired output
voltage in the presence of load disturbances. each controller will be simulated, and
load steps will be applied to the system and their performance will be evaluated
using the performance metrics.

37



4. Controller design

Due to the nature of dynamic controllers, there will be an initial time in the simula-
tions without any disturbances or voltage steps. This is to ensure that all controllers
reach steady state. The time t = 0 ms in the plots refers to when the scenario starts,
not when the simulations are started. The scenario in question is displayed in Fig
4.5.
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Figure 4.5: The voltage tracking and current load scenario.

It features the following:

• A voltage reference step from minimum- (550 V) to maximum voltage (850 V).

• A 50 A current load step at 550 V (combined with the nominal load to achieve
the maximum power of 30 kW).

• A voltage reference step from 550 V to 700 V during a load current ramp of
13 000 A/s, up to 40 A.
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5
Results

In this chapter, the results are presented. The entire simulation will be shown, as
well as the individual parts and their performance metrics.

5.1 Tracking and load regulation
The entire simulation is displayed in Fig 5.1.
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Figure 5.1: The complete tracking simulation with all controllers.

The first reference voltage step is shown in Fig 5.2, and the performance metrics in
table 5.1. Note the short settling time for the LPV controllers, and the low overshoot
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for TPS LPV.
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Figure 5.2: The controllers’ performance during the first voltage step.

Table 5.1: Performance metrics for the first voltage step

Controller Rise time [ms] Overshoot [%] Settling time [ms]
TPS LPV 0.59 3.83 2.14
SPS LPV 0.51 15.3 1.87
SPS PID 0.57 10.7 4.39

The second step in voltage is displayed in Fig 5.3, and its metrics in table 5.2. The
overshoot of the SPS LPV and the oscillations of the TPS LPV are clearly visible.
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Figure 5.3: The controllers’ performance during the second voltage step.

Table 5.2: Performance metrics for the second voltage step.

Controller Rise time [ms] Overshoot [%] Settling time [ms]
TPS LPV 0.34 8.74 2.53
SPS LPV 0.35 13.3 1.29
SPS PID 0.53 N/A 4.79

The load regulation is shown in Fig 5.4, and its metrics in tables 5.3 and 5.4. Note
the high voltage deviations for SPS PID.
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Figure 5.4: The controllers’ performance during the steps in load current.

Table 5.3: Performance metrics for the step-up in load current.

Controller Maximum deviation [%] Settling time [ms]
TPS LPV 7.64 1.07
SPS LPV 6.44 0.96
SPS PID 16.4 2.70

Table 5.4: Performance metrics for the step-down in load current.

Controller Maximum deviation [%] Settling time [ms]
TPS LPV 4.82 1.09
SPS LPV 5.80 0.84
SPS PID 18.08 3.98

Finally, the last step in reference voltage during a ramp in load current is displayed
in Fig 5.5, and its metrics in table 5.5. Notice that the SPS PID is severely affected
by the load ramp, while it is minimal for the LPV controllers.

42



5. Results

24 25 26 27 28 29 30 31 32 33 34
500

550

600

650

700

750
O

u
tp

u
t 

v
o

lt
a

g
e

 v
o
 [

V
]

TPS LPV

SPS LPV

SPS PID

v
ref

24 25 26 27 28 29 30 31 32 33 34

t [ms]

0

20

40

60

L
o
a
d
 c

u
rr

e
n
t 
[A

]

Figure 5.5: The controllers’ performance during the final step in reference voltage.

Table 5.5: Performance metrics for the step-up in load current.

Controller Rise time [ms] Overshoot [%] Settling time [ms]
TPS LPV 0.56 14.1 1.17
SPS LPV 0.40 14.4 0.86
SPS PID 0.77 N/A 4.11
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6
Discussion

One of the most significant findings in this thesis is how the highly non-linear be-
havior of the converter could be modeled as a set of LTI systems scheduled by
the previously used control inputs, resulting in a model usable for control design.
The assumption that previous control inputs can be used as parameters used in
the model to describe the converters’ dynamics does inherently cause the models’
accuracy to become dependent on the control signals’ rate of change. This depen-
dency was shown to not be simply increasing with frequency, some other factor does
cause model errors for the system, which can be seen in Fig 3.11 as the peak located
around 100 Hz. Further investigation needs to be conducted to understand this local
frequency dependent model discrepancy.

The two LPV controllers were consistently outperforming the PID controller in
all performed test scenarios, for most performance metrics. The LPV controllers
provide significantly faster voltage tracking and load disturbance rejection when
compared to the PID controller. The PID controller does in some cases provide
results with less overshoot than the two LPV controllers, these cases are however
followed by significantly slower settling times. Both LPV controllers also manage
to fully reject the ramped disturbance shown in Fig 5.5, whereas the PID controller
does not manage to adequately react, resulting in a significant voltage dip.

The SPS LPV and TPS LPV controllers provide similar performance. The main
difference being that the TPS controller manages to step from 550V to 850V without
overshoot in the first voltage step, as seen in Fig 5.2. The TPS controller’s ability
to both quickly increase the voltage and transition into keeping a constant voltage
without overshoot is most likely doe to its ability to utilize all three possible control
variables to control the output voltage. Further tuning is possible, as the final test
scenario visualized in Fig 5.5 shows a slight overshoot when tracking the output
voltage during a load disturbance.

The TPS controller shows unwanted oscillatory behavior, mainly visible in Fig 5.3.
This behavior could be caused due to the fact that the model does not take dead-time
into consideration, while the actual plant does operate with it. Another possibility
is that the LPV behavior causes the controller to fluctuate as the control variables
change. Futhermore, the linearization (and parameter-) resolution of 3 points per
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control variable and 2 for the input voltage may not be enough. This limited resolu-
tion might not be sufficient to capture the dynamics at all possible operating points
without the risk of causing oscillations in the output voltage.

The performance gained with robust LPV for DAB converters may not be sufficiently
high considering the complexity of such controllers. Not only are the TPS LPV and
SPS LPV controllers cumbersome in terms of synthesis, but also in implementation.
Increasing the number of grid points may increase model accuracy, but also puts a
greater burden on the computers that run the control loop. Converters frequently
utilize embedded control systems, which are often limited in both computing power
and available memory. This severely limits the order- and number of grid points
of LPV controllers due to the required computations per control loop iteration.
For each controller output calculation, matrix interpolation, matrix multiplication
and matrix addition will have to be performed due to the dynamic LPV controller
behavior. This is not an issue for PID controllers, since they only have to store three
static parameters (Kp, Ki, and Kd) and perform simple computations in comparison.

The usage of PID control could very likely improve. Tuning of the PID controller
was performed using the MATLAB function pidtune(). Such functions may be
unbiased, but could arguably produce better performing controllers given the opti-
mal tuning conditions. Additionally, the plant model fed to the function was an LTI
system sampled from the LPV model at average parameter values. The fact that the
PID performed the way it did, given the simplicity of the model used for synthesis,
shows that advanced control methods are not necessarily essential for DAB convert-
ers. Furthermore, PID control does not suffer from oscillations caused by parameter
variations. One could therefore argue that the controller parameters Kp, Ki, and
Kd themselves are more stable compared to the LPV controllers’ parameters.
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This thesis has presented how the performance of model-based robust LPV con-
trollers compare against PID controllers when tasked with voltage tracking and dis-
turbance rejection. The results show that the model-based controllers outperformed
the PID in both SPS and TPS operation. The difference in implementation efforts,
memory usage and computation power needed to get these model-based controllers
to run on real hardware is however considerably higher than the relatively simple
implementation of a PID.

The approximations and simplifications made during the modeling of the converter
for both the SPS and TPS case proved to be sufficiently accurate such that con-
trollers could be designed after their dynamics. Knowing that the modeling assump-
tions made are valid assumptions allows for future work to expand the model. For
instance, modeling the losses of the converter, which would allow for more efficient
controllers to be synthesized.

The implementation of robust model-based controllers does allow for future con-
trollers that can operate with some level of uncertainty, which potentially allow for
converters to be built with components with larger uncertainties or for converters
to be able to operate for longer where other controllers might fail due to component
properties changing over time

An interesting aspect to examine through future work could be how the number of
linearization points affect the performance of the controllers. Knowing this infor-
mation would allow for more informed decisions being made regarding the trade-off
between controller performance and memory usage.

Furthermore, additional future work is to evaluate such controllers in hardware.
Mere simulations of the converter running Robust LPV control does not take com-
putational power into account. Hardware implementation would then give an idea
of how much performance is required from the embedded systems, as well as how
much memory is needed.
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