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Abstract
Highly efficient and dense power electronic converters are an essential part of aircraft
electrical systems. The Swiss rectifier provides an efficient application of AC-DC con-
version. However, currently used conventional control strategies, such as carrier-based
PWM control, have not been able to produce AC currents that meets aircraft power
quality standards for the Swiss rectifier. Model predictive control is a control strategy
that has recently become popular with the availability of powerful microprocessors
and has the potential to improve power quality issues currently faced by the Swiss
rectifier in aircraft applications. Therefore, finite control set model predictive control
is used here specifically for current control of DC-switches in the Swiss rectifier.
Work of the thesis consists of designing and optimizing a simulation model. The
goal is to model the Swiss rectifier to operate with model predictive control and to
limit input AC current’s total harmonic distortion to less than 5 % which would
suffice for aircraft applications as per military standards. The developed phase-based
model predictive controller is simulated with different cost functions and the resulting
input current THD, harmonic spectrum and switching frequency are evaluated and
compared.
Keywords Model Predictive Control, Swiss Rectifier, Predictive Function, Cost

Function, Current Control
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1 Introduction
Aircraft use auxiliary power units (APUs) to run onboard electrical systems when the
main engines are not operating or ground electrical power is unavailable. APUs are
primarily utilized to power up the main engines of an aircraft by accelerating turbine
engines to a high rotational speed providing enough air compression for the main
engine to operate by itself [1]. However, APUs also have some secondary functions,
such as providing cabin air and electric power before the main engines are turned
on and acting as an emergency power source during flight in case of engine failure
[1]. These auxiliary functions of an aircraft are performed using electric machines
controlled by power electronic converters.

Aircraft APUs provide three-phase alternating current (AC). In order to operate
direct current (DC) devices onboard an aircraft, rectification is needed using an
AC-DC converter. The DC devices onboard an aircraft operate at a lower voltage
level than the rectified voltage provided by the AC-DC converter. Therefore, the DC
voltage needs to be lowered after rectification using a DC-DC converter. As increased
weight directly increases the operating costs of an aircraft, power converters onboard
an aircraft are preferred to be smaller in size and weight. Thus, it is vital for them
to have high power density [2].

Conventional rectifiers such as 12-pulse diode rectifiers do not have turn-off
capability. Therefore, the power density of such converters are low, even though they
provide fairly sinusoidal input currents with the ability to eliminate low-frequency
harmonics. Active PFC rectifiers which contain power semiconductors with turn-off
capability instead of diodes, increases power density of the converter. Consequently,
active PFC rectifiers are a preferred type of converter in applications that require high
power density. For the application in this study, high power density is needed while
the converter is capable of three-phase AC-DC conversion and voltage step-down
without an additional stage for a buck converter in the DC bus. Swiss rectifier is a
new converter topology with an active switch-based power factor correction (PFC)
circuit that is capable of delivering these features [3]. Hence, this study examines
the Swiss rectifier, which is categorized as a hybrid rectifier as it consists of a diode
bridge for three-phase AC-DC conversion and active switches in the DC-bus for
voltage step-down. The presence of active switches makes the Swiss rectifier a high
power density converter [4].

Power converters onboard aircraft, such as AC-DC converters in the APU, are
required to meet certain standards and requirements in order to operate efficiently and
safely. However, carrier-based pulse width modulation (PWM) techniques currently
employed in controlling Swiss rectifiers do not meet power quality standards required
by the aircraft industry [5]. Nevertheless, control strategies are a key feature that
could improve power quality in power converters. Thus, a more intuitive control
strategy can be utilized for the Swiss rectifier to produce better power quality. This
thesis adopts model predictive control (MPC), as it is known for improved power
quality [6].

MPC has not been popular in the past for power electronic applications due to the
high computational burden required at high sampling frequencies [7]. Nevertheless,
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with currently available powerful microprocessors, control strategies such as MPC
can be utilized to control power converters. This thesis evaluates the feasibility of
utilizing finite control set (FCS) model predictive control to reduce EMI in the Swiss
rectifier at 400 Hz fundamental frequency by controlling DC switches in the converter,
while the bi-directional third harmonic current injection switches will be controlled
using a sector detector.

The aim of this thesis is to develop a simulation model of a finite control set
model predictive algorithm for controlling DC-switches in a Swiss rectifier. In order
to accomplish this aim, the thesis will build a simulation model on the PLECS®

Blockset platform, which is used to model and test the FCS MPC algorithm on
a Swiss Rectifier. Next, the Swiss rectifier model will be tested and tuned using
filtering to meet EMI standards for aircraft applications. The test results obtained
during this phase are used to verify the validity of the FCS MPC as a control strategy
to improve the power quality of Swiss rectifiers for aircraft applications.

The rest of this thesis is organized as follows. Chapter 2 provides background
knowledge about rectifier topologies, operation principle underlying the Swiss rectifier
topology and identifies the EMI standards needed to be met by power converters
on aircraft. Chapter 3 discusses model predictive control and different types of cost
functions that are possible in MPC. Chapter 4 describes the design of the proposed
control system for DC switches and current injection switches of the Swiss rectifier.
Chapter 5 presents and discusses the test results for validating the simulation model.
Chapter 6 concludes by evaluating the work in this thesis and proposing directions
for future work.
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2 Three-phase Rectifiers
Aircraft APUs provide three-phase 115 V alternating current at 400 Hz. However,
loads on aircrafts are DC, rated at low voltages such as 28 V. Therefore, the input
voltage needs to be rectified as well as bucked-down to the rated DC voltage of
the loads. The converter topology selected here is based on this requirement, and
the high power density and high power quality requirements needed in the aircraft
industry. Three-phase rectifiers can be categorized into three types; passive, active
PFC and hybrid converters consisting of both buck- and boost-type characteristics.

2.1 Passive Rectifiers
Passive systems are made of diodes or thyristors, which are semiconductor devices not
capable of turning off on demand. Therefore, passive rectifiers are line-commutated
converters. Passive systems containing diodes are not controllable, therefore rectifiers
with diode-bridges cannot regulate output voltage [4]. Common examples of passive
rectifiers include six-pulse rectifiers and multi-pulse rectifiers.

2.1.1 Six-Pulse Rectifiers

Fig. 1a shows the converter topology of a six-pulse diode-bridge rectifier. In this
rectifier, two diodes conduct at a time, one connecting to the positive DC-bus and
one connecting to the negative DC-bus. In order to form an output DC voltage,
the conducting diodes cannot be on the same leg. Therefore, when two diodes from
different legs conduct connecting two phases to the DC-bus, DC voltage is formed
by combinations of the line-to-line voltages.

(a) (b)

Figure 1: (a) Topology of the 6-pulse diode-bridge rectifier and (b) waveforms of line-to-
neutral and line-to-line voltages that make up the output DC voltage

As Fig. 1b shows, the three-phase voltage source create six line-to-line voltages.
This is a result of the two conducting phases having polarity, like voltage from
phase a to c and the opposite voltage from phase c to a. When diodes Da1 and Dc2
conduct, voltage from a to c is delivered to the DC load and when diodes Dc1 and
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Da2 conduct, voltage from c to a is delivered to the DC load. Conduction of the
diodes are dependent on which line-to-line voltage is highest in magnitude at a time
instance. Therefore, with a resistive load output voltage is the tips of the line-to-line
voltages.

2.1.2 Twelve-Pulse Rectifiers

Multi-pulse rectifiers, such as the twelve-pulse rectifier shown in Fig. 2, are more often
used for high power applications in industry where it is found useful in eliminating
low-frequency harmonics [4]. A twelve-pulse rectifier is made of two six-pulse diode
bridges connected in series to feed a single DC-bus. As Fig. 2 shows, the AC input
to these diode bridges are supplied by a transformer producing a 30° phase shift
between the bridges. The transformer is made with one primary winding and two
secondary windings where one is in star connection and the other in delta connection.
This implementation with phase shift eliminates 5th and 7th harmonics that are
dominating in six-pulse rectifiers making the twelve-pulse rectifier a more favourable
choice for its lower THD. Cost of the transformer and increased size of the converter
due to additional components are downsides of the twelve-pulse rectifier. Therefore,
multi-pulse rectifiers such as the twelve pulse rectifier are only preferred in high
power applications.

Figure 2: Topology of the 12-pulse rectifier
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2.2 Active PFC Rectifiers
In active PFC systems, bridge legs consist of power semiconductors that are capable
of turning off on demand, such as MOSFETs and IGBTs. Therefore, these rectifiers
are forced commutated with the ability to regulate DC output voltage. Active PFC
rectifiers consist of many converter topologies that can be categorized as direct
three-phase systems and phase-modular systems [4]. Direct three-phase systems
consist of topologies such as six-switch boost-type and buck-type PFC rectifiers as
well as three-level converters like the VIENNA rectifier, whereas, phase-modular
systems consist of star connected and delta connected single-phase PFC rectifiers.

2.2.1 Six-switch Buck-type PFC Rectifiers

Six-switch buck-type PFC rectifier shown in Fig. 3 has power transistors in series with
diodes in the bridge. This allows power transfer of the converter to be controllable
independent of the input voltage. When a transistor in the positive side of the bridge,
like Sa1, and a transistor from a different leg in the negative side of the bridge, like
Sc2, conduct, inductor current IDC flows from phase a to phase c.

ig,a = IDC , ig,b = 0, ig,c = −IDC (1)

Output voltage of the converter is formed from the line-to-line voltage, which in this
example is ug,ac. In this rectifier, both transistors of the same leg can be conducting
at the same time. This results in the freewheeling state which will not have AC-DC
power transfer, where

ig,a = 0, ig,b = 0, ig,c = 0 (2)

The freewheeling state results in conduction losses that could be avoided. These
losses can be reduced with the use of a freewheeling diode in the DC-bus before the
DC inductor. Proper modulation of the switches in this converter can form sinusoidal
input currents in all phases by distributing output current, IDC , to all three phases.
This is achieved by forced commutation of the switches. Considering that switch Sa1
is ON in the upper bridge, either switches Sb2 or Sc2 can be turned ON as necessary
in the lower bridge.

The output voltage in this rectifier is formed similar to the six-pulse diode-bridge
rectifier, using the maximum of the line-to-line voltages shown in Fig. 1b. This
output voltage can be regulated by controlling the duration of the freewheeling state
in a cycle. The voltage can be regulated from UDC = 0 to

UDC <

√︄
3
2Ul−l (3)

where Ul−l is the RMS value of the line-to-line voltage.
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Figure 3: Active PFC rectifier topology of the six-switch buck-type PFC rectifier.

2.2.2 Delta Rectifiers

A delta rectifier is formed by delta connecting three single-phase PFC rectifiers
similar to how it is shown in Fig. 4. Single-phase modules of the delta rectifier can
be formed using diode-bridges or switches like IGBTs or MOSFETs. The decoupling
nature of the delta connection makes it possible to control each single-phase PFC
rectifier independently. Therefore, symmetrical loading of the main is not necessary
even though it is highly recommended. In the delta connection, input voltage to a
single-phase module is the line-to-line voltage of the mains input. Therefore, the
output DC voltage needs to be high where

UDC >
√

2Ul−l (4)

or power semiconductors rated with high-blocking capabilities need to be used.
Another possibility is to implement an additional DC-DC converter for each phase to
lower the voltage produced by the delta rectifier as shown in Fig. 4. Since this involves
the addition of more power semiconductors in the current path, it will cause higher
conduction losses. An advantage of the delta rectifier is its capability to provide
full-rated power even if one phase fails [4]. Using a configuration where connections
are made between all phases and all single-phase modules with three-phase thyristor
bridges, when a phase fails, the other two phases can take over the functionality
needed by the rectifier.
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Figure 4: Equivalent topology of the delta rectifier.

2.3 Hybrid Rectifiers
A hybrid rectifier is formed by integrating a passive rectifier with an active circuit
that can be switched-off on demand with the use of power semiconductors [4]. This
allows output voltage regulation as well as control of the sinusoidal mains current.
In hybrid rectifiers, often the rectification is done by a diode bridge on the AC input,
while mains current shaping and output voltage regulation is done by an active
switch network on the DC-side. Many hybrid rectifiers utilize third harmonic current
injection to form sinusoidal current flow in all three phases. Input current quality in
these rectifiers can be further improved by including power semiconductors in the
positive and negative DC bus where current flowing through positive and negative
DC bus becomes independently controllable. Thus, all three input current phases can
be made sinusoidal by feeding the non-conducting phase with the difference between
positive and negative DC bus currents through the injection network.

2.3.1 Boost-type Hybrid Rectifiers

The more common hybrid rectifier is the boost-type converter where the output DC
voltage is higher than the peak input AC voltage. An example of a such rectifier is
shown in Fig. 5. It consists of a three-phase diode bridge and the active-switches for
third harmonic current injection. The DC-bus has two boost converters, one at the
positive and one at the negative DC terminal. The output capacitor of the DC-DC
converter is common to both boost converters.

Considering a sector of operation, for example when ug,a > ug,b > ug,c, four
switching states are possible; SS1(Sp,Sn) = (1,1), SS2(Sp,Sn) = (0,1), SS3(Sp,Sn)
= (1,0) and SS4(Sp,Sn) = (0,0). These switching combinations allow the AC-DC
conversion with third-harmonic current injection into the phase that is not involved
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in forming the DC voltage and to boost the DC voltage after rectification. The
operation principle of similar switching states are described more in the next chapter
for a different converter. Similar operation principle applies for this converter in
regards to current injection and DC-DC conversion. As for the application of this
thesis, lower DC output voltage is required than the rectified voltage to operate
devices on-board aircraft. Therefore, a hybrid third harmonic current injection
buck-type PFC rectifier, known as Swiss rectifier, is selected for this study.

Figure 5: Boost-type Hybrid Rectifier topology

2.3.2 Swiss Rectifier

Swiss rectifier is a three-phase buck-type PFC rectifier that consists of two buck
DC-DC converters with an active third harmonic current injection circuit [8]. As
shown in Fig. 6, Swiss rectifier consists of an input filter, a three-phase full-wave
diode bridge with active third-harmonic current injection switches, two DC-DC
converters and an output filter capacitor. As Fig. 6 shows, the current injection
network consists of three four-quadrant switches which are realized by common-drain
series connection of two MOSFETs. The MOSFETs in the injection network are
switched at twice the fundamental frequency. Therefore, for aircraft applications the
switching frequency of the current injection switches on the Swiss rectifier is 800 Hz.
The output inductance in the Swiss rectifier is split equally between the positive and
negative DC bus to symmetrically attenuate impedances for common-mode noise [8].
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Figure 6: Swiss rectifier topology

Operation principle of the Swiss rectifier can be explained by considering a sector
of 60° shown in Fig. 7. The four conduction states of the Swiss rectifier shown in Fig.
8, 9, 10 and 11 are for the interval of sector 1. The switching state SS3(Sp,Sn) =
(1,0) represents the fast switch in the positive DC-bus Sp being ON and fast switch
in the negative DC-bus Sn being OFF. Similarly, the other switching states can be
defined as SS1(Sp,Sn) = (1,1), SS2(Sp,Sn) = (0,1) and SS4(Sp,Sn) = (0,0). The four
possible switching states for sector 2 is presented in Fig. 12 and the four switching
states for other sectors can be visualised in a similar fashion.

Figure 7: Three-phase input voltage sectors 1 to 6 of the Swiss rectifier.
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2.3.3 Switching States

Switching State I

During sector 1 in Fig. 7, phase voltage ug,a is the highest while phase voltage ug,c

is the lowest. Therefore, in the first switching state, DC switches Sp and Sn are
controlled to connect the phase a to the positive node and phase c to the negative
node of the DC bus. This makes the current flowing through switch Sp during sector
1 to be current ic,a and current flowing through switch Sn to be current −ic,c [8].
Current path shown in Fig. 8 visualizes this switching state for the sector 1. The
rectifier input currents are ic,a = IDC , ic,b = 0 and ic,c = −IDC . Similarly, during
other sectors, current of the phase with highest voltage flows through switch Sp and
current of the phase with lowest voltage flows through switch Sn. Another visual
example can be seen in Fig. 12a for sector 2. The corresponding rectifier input
currents for each switching state during a specific sector is shown in Table 1.

Figure 8: Switching state 1 of the Swiss rectifier in Sector 1.

Switching State II

In order to form a sinusoidal input current in all three phases while regulating the
output voltage, third harmonic current is injected to the phase with lowest absolute
voltage. In sector 1, phase b has the lowest absolute voltage. Therefore, phase b
is connected to node n through the bi-directional switch where current difference
between positive and negative DC-bus is injected to phase b as shown in the second
switching state of Fig. 9. This switching state flows current from phase b to phase c.
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Figure 9: Switching state 2 of the Swiss rectifier in Sector 1.

Switching State III

Similar to the second switching state, phase b is connected to node n through the
bi-directional switch in the third switching state. Similarly, current difference between
positive and negative DC-bus is injected to phase b as shown in Fig. 10, but in this
case current flows from phase a to phase b.

Figure 10: Switching state 3 of the Swiss rectifier in Sector 1.

Switching State IV

In the fourth possible switching state of the Swiss rectifier, DC current impressed
by the DC inductors is kept in a freewheeling state as visualized in Fig. 11. This
switching state applies to all six sectors similarly as shown in Fig. 12d for sector 2.
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Figure 11: Switching state 4 of the Swiss rectifier in Sector 1.

(a) Switching state I (b) Switching state II

(c) Switching state III (d) Switching state IV

Figure 12: Conduction states of the Swiss rectifier in Sector 2.
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2.3.4 Space Vector of Rectifier Input Current

In order to model the MPC algorithm in vector form, space vectors of the switching
states can be derived. The space vector of the rectifier input current can be written
as

i⃗c = 2
3
(︂
ic,a + ej 2π

3 ic,b + ej 4π
3 ic,c

)︂
(5)

Space vectors for each switching state are calculated by substituting the corresponding
DC currents found in Table 1 into Eq. (5). Considering sector 1, space vectors for
conduction states that have DC current flowing into two of the input phases can be
written as in Eq. (6) to (8), while the freewheeling state is as shown in Eq. (9) for
all sectors. In sector 1, current vector, i⃗1, for switching state SS1 is calculated when
ic,a = IDC , ic,b = 0 and ic,c = −IDC . Substituting these values to Eq. (5) gives us

i⃗1 = 2
3IDC

(︂
1 − ej 4π

3
)︂

= IDC

(︄
1 + j

1√
3

)︄
(6)

For switching state SS2, current vector, i⃗2, can be found by substituting ic,a = 0,
ic,b = IDC and ic,c = −IDC into Eq. (5) as shown in Eq. (7).

i⃗2 = 2
3IDC

(︂
ej 2π

3 − ej 4π
3
)︂

= IDC

(︄
j

2√
3

)︄
(7)

Similar to the two previous cases, switching state SS3 uses ic,a = IDC , ic,b = −IDC

and ic,c = 0 from Table 1 to calculate current vector, i⃗3, as shown in Eq. (8).

i⃗3 = 2
3IDC

(︂
1 − ej 2π

3
)︂

= IDC

(︄
1 − j

1√
3

)︄
(8)

In all six sectors, the current vector, i⃗4, for switching state SS4 is calculated when
ic,a = 0, ic,b = 0 and ic,c = 0, resulting in

i⃗4 = 0 (9)
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Table 1: Rectifier input current of phases (ic,a, ic,b, ic,c) and input current space vector
for switching states during 60° sectors.

SS1 (1,1) SS2 (0,1) SS3 (1,0) SS4 (0,0)

1 (IDC , 0, −IDC) (0, IDC , −IDC) (IDC , −IDC , 0) (0, 0, 0)

i⃗1 = IDC(1 + j 1√
3) i⃗2 = IDC(j 2√

3) i⃗3 = IDC(1 − j 1√
3) i⃗4 = 0

2 (0, IDC , −IDC) (IDC , 0, −IDC) (−IDC , IDC , 0) (0, 0, 0)

i⃗1 = IDC(j 2√
3) i⃗2 = IDC(−1 + j 1√

3) i⃗3 = IDC(1 + j 1√
3) i⃗4 = 0

3 (−IDC , IDC , 0) (−IDC , 0, IDC) (0, IDC , −IDC) (0, 0, 0)

i⃗1 = IDC(−1 + j 1√
3) i⃗2 = IDC(−1 − j 1√

3) i⃗3 = IDC(j 2√
3) i⃗4 = 0

4 (−IDC , 0, IDC) (−IDC , IDC , 0) (0, −IDC , IDC) (0, 0, 0)

i⃗1 = IDC(−1 − j 1√
3) i⃗2 = IDC(−j 2√

3) i⃗3 = IDC(−1 + j 1√
3) i⃗4 = 0

5 (0, −IDC , IDC) (IDC , −IDC , 0) (−IDC , 0, IDC) (0, 0, 0)

i⃗1 = IDC(−j 2√
3) i⃗2 = IDC(1 − j 1√

3) i⃗3 = IDC(−1 − j 1√
3) i⃗4 = 0

6 (IDC , −IDC , 0) (0, −IDC , IDC) (IDC , 0, −IDC) (0, 0, 0)

i⃗1 = IDC(1 − j 1√
3) i⃗2 = IDC(1 + j 1√

3) i⃗3 = IDC(−j 2√
3) i⃗4 = 0

2.4 Electromagnetic Interference
Due to high input impedance, power converters for aircraft applications are expected
to have a THD of about 5 % or less [5]. In this thesis, the EMI standard for military
aircraft applications (MIL-STD-461G), drafted by Department of Defence of the
United States of America, is referred to identify EMI limitations the designed Swiss
rectifier should meet. According to MIL-STD-461G subsection CE101 and subsection
CE102, low frequency harmonics in the range 800 Hz to 10 kHz and high frequency
harmonics in the range 10.5 kHz to 10 MHz, need to be restricted [9]. Electromagnetic
emissions should not exceed the specified requirements shown in Fig. 13 for low
frequency harmonics and Fig. 14 for high frequency harmonics.

Even though diode rectifiers have advantages that comes with its simplicity,
relatively high THD of diode rectifiers affect its power source. Therefore, the required
power quality for aircraft applications can only be met using PFC rectifiers. Swiss
rectifier has been reported to have an efficiency of 99.3 % and a total harmonic
distortion of less than 5 % for certain applications at fundamental frequency of 50
Hz [5]. The Swiss rectifier is evaluated at 400 Hz to see whether it can meet the EMI
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Figure 13: CE101 limit for Navy ASW aircraft and Army aircraft (including flight line)
applications.[9]

Figure 14: CE102 limit (EUT power leads, AC and DC) for all applications.[9]

standards required for aircraft applications and it is concluded that carrier-based
PWM current control of a Swiss rectifier does not meet required EMI standards
because there are glitches at phase crossings in the input current which causes low
frequency harmonics exceeding limits set forth [5].
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3 Model Predictive Control
In MPC, a control action is decided by comparing a predicted system with a reference
and evaluating the most cost effective way to implement the desired output of the
system [7]. At each sampling instance, the MPC algorithm goes through a predefined
sequence of possible control actions for each desired outcome. A cost function selects
the most cost effective control action in that sequence thereby making MPC a
controller that could operate in open-loop fashion. However, MPC often utilizes a
feedback loop to improve robustness of the system [7]. We have incorporated FCS
MPC in this study since it operates in the discrete form where the MPC algorithm
can be implemented without the use of an external modulator, which makes it a
unique control strategy.

Closed loop carrier-based PWM control of voltage source inverters (VSI) are
considered to produce higher THD in current compared to the use of a closed loop
MPC controller in a similar situation. Meaning that MPC controlled converters could
produce higher quality power than carrier-based PWM controlled converters [10]. In
MPC, dynamic response is faster as reference current is tracked in a shorter time
period than in carrier-based PWM [10]. Carrier-based PWM signals need modulation
before being fed to the switches, while MPC control strategies such as FCS MPC, is
able to select switching states in its control algorithm allowing it to directly feed the
switches without any modulation.

3.1 Finite Control Set MPC
FCS MPC is used as it has very intuitive formulation. MPC strategy is split into
three key elements [7]:

• prediction model,

• cost function and

• optimization algorithm.

The prediction process starts with measurements of the input current at time
instant k. In the prediction model, the input current for time instant k+1 is predicted
for each possible switching state of the converter. In the cost function, each of the
predicted converter currents are compared with a reference current. In some cost
functions, more converter behaviour is included, such as switching commutations.
The predicted input current that resulted in the lowest cost is recognised in the
optimization algorithm and the corresponding switching state is fed directly to the
converter switches at time instant k + 1.

Since FCS MPC functions to minimize the cost function, the next sampling
cycle could have the same switching state as the previous one producing a variable
switching frequency. FCS MPC algorithm has a large calculation burden which
creates a delay of one sampling instant between calculations and feeding of the
optimal switching state [11]. Therefore, the calculation time is taken into account
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and the delay is compensate by feeding the optimal switching state at the next
sampling instant which is at k + 2.

Figure 15: Block diagram of Model Predictive Control Strategy.

FCS MPC algorithm can be implemented in different ways for a converter topology.
For controlling the DC-switches in a Swiss rectifier, current vectors can be utilized in
the algorithm where the cost minimizing function would select the cheapest vector
when provided with certain inputs as shown in Chapter 3.2. The MPC model can
also be implemented using phase values directly by defining the current flow at each
switching state. Model developed and focused on during this study is mainly built on
the phase-based model and it is discussed in Chapter 4. In this designed control model,
output voltage is controlled in an open loop fashion. Output voltage regulation is a
feature that can be added to the preliminary simulation model developed here.

3.2 Vector-based MPC Algorithm
The controller for the DC-switches utilize input current, ig,abc and input voltage,
ug,abc in the FCS MPC algorithm. The phase values of the input current and voltage
are transformed into stationary coordinates in order to be used in the MPC algorithm
which is designed in the stationary reference frame. A loop is created in the MPC
algorithm to evaluate the cost function for each converter-side current space vector.

Figure 16: LC filter used as input filter of the Swiss rectifier.
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The looped algorithm starts by solving the input filter circuit as shown in Eq.
(10);

u⃗g = Lf
di⃗g

dt
+ u⃗c (10)

where u⃗g is the transformed input voltage, i⃗g is the transformed input current and
u⃗c is the converter-side voltage vector as well as the voltage across filter capacitor.
The controller is formulated in discrete-time domain, therefore the dynamic system
in Eq. (10) is transformed into a discrete-time model at a sampling time of Ts.

di⃗g

dt
= i⃗g(k + 1) − i⃗g(k)

Ts

(11)

i⃗g(k + 1) = i⃗g(k) + Ts

Lf

(u⃗g − u⃗c(k + 1)) (12)

The voltage across input filter capacitor, u⃗c in Eq. (10) is solved using Eq. (13)-(15).

i⃗g = Cf
du⃗c

dt
+ i⃗c (13)

Converter-side current space vector, i⃗c (∋ { i⃗1, i⃗2, i⃗3, i⃗4 }), is a current space vector
from Table 1 depending on sector of operation.

du⃗c

dt
= u⃗c(k + 1) − u⃗c(k)

Ts

(14)

u⃗c(k + 1) = u⃗c(k) + Ts

Cf

(i⃗g(k) − i⃗c) (15)

By substituting Eq. (15) into Eq. (12), input filter current can be written as

i⃗g(k + 1) = i⃗g(k) + Ts

Lf

(u⃗g − u⃗c(k) − Ts

Cf

(i⃗g(k) − i⃗c)) (16)

In the discrete time model shown in Eq. (16), future value of the inductor current,
ig,abc is predicted. In FCS MPC algorithm, Eq. (16) is repeated for one more cycle
in order to compensate for time delays caused by computations in the predictive
model as mentioned in [12].
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i⃗g(k + 2) = i⃗g(k + 1) + Ts

Lf

(u⃗g − u⃗c(k + 1) − Ts

Cf

(i⃗g(k + 1) − i⃗c)) (17)

A sector detector is used in the controller to determine the sector of operation of
the input voltage at a specific instance so that it can provide the MPC algorithm
with reference signals and current vectors specific to sectors as shown in Table 1.
When working with the vector-based model, calculated vector i⃗g(k + 2) needs to
be transformed to abc coordinates before the cost function can be evaluated. This
brings both the predicted current and reference current into the same coordinate
system. In the predicted and transformed three-phase current, maximum phase and
minimum phase currents can be defined as ig+(k + 2) and ig−(k + 2), respectively.
MPC algorithm provide four values of ig+(k + 2) and ig−(k + 2). A value for each
of the four current space vectors possible during a sector. The cost function is
then evaluated for each these switching states using predicted and reference currents
for the positive and negative DC-switches. An optimizing function is then used
to determine the most cost effective space vector, thereby the most cost effective
switching state.

ig,ref+ = 2IDCUDC

3u2
gN

MAX(ug,a, ug,b, ug,c) (18)

In Eq. (18), reference signal for the DC-switch, Sp, is formed by selecting the
maximum phase of the input voltage at a certain time instance. Current IDC and
voltage UDC are the output current and voltage of the Swiss rectifier, respectively.
ugN is the peak value of the phase voltages.

ig,ref− = −2IDCUDC

3u2
gN

MIN(ug,a, ug,b, ug,c) (19)

In Eq. (19), reference signal for the DC-switch, Sn, is formed similar to Eq. (18),
but selecting the minimum phase instead of the maximum phase of the input voltage.
The value calculated in Eq. (19) is inverted in order to make it a positive number
that can be used in the cost function with the predicted current.

g+ = |ig,ref+ − ig+(k + 2)| (20)

g− = |ig,ref− − ig−(k + 2)| (21)

The reference signal ig,ref+ and ig,ref− are used in the cost function of the controller
for positive DC-switch and negative DC-switch, respectively. In the cost function,
the error between the instantaneous reference current and the predicted current is
evaluated. In the loop, a cost minimization function shown in chapter 3.3 is utilized
to identify the vector resulting the lowest cost for each instance of the input current
and voltage.
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3.3 Cost Functions
In model predictive control, measured inputs that results in the minimum cost
function are selected and the corresponding switching states for those measured
inputs are applied to the switches [7]. Therefore, the cost function and the way
it is implemented plays a vital role in the MPC algorithm. Three types of cost
functions are investigated here. They are the absolute error cost function, squared
error cost function and absolute error with a weighting factor cost function that could
include important behaviour of the converter in the cost function [12]. In each of
these methods, the cost function for each possible switching state is evaluated after
predicting the current for two sampling times ahead. The most basic cost functions
that can be implemented is shown in Eq. (22) where absolute error of reference
tracking is considered. The squared error shown in Eq. (23) has similar performance
to Eq. (22) when reference tracking if the cost function considers a single variable as
in this case [11].

g = |ig,ref − ig,abc(k + 2)| (22)

g = (ig,ref − ig,abc(k + 2))2 (23)

Cost functions in Eq. (22) and (23) only consider one component in its evaluation.
However, having a second degree of freedom in the cost function such as the number
of commutations allow us to include important behavior of the converter in the
cost function [12]. Cost function shown in Eq. (24) is a more complex function
that gives the opportunity to tune the MPC algorithm by taking into account cost
of commutations in semiconductor switches [7]. Here, fewer commutations of the
switches are considered when selecting the next switching state. While nc signifies
the number of commutations necessary for the next switching state, λn applies weight
to the cost of commutations in comparison to reference tracking. Therefore, in Eq.
(24) a change in switching state would be considered costly in certain situations in
comparison to reference tracking as in Eq. (22) and (23). Since this cost function
works towards reducing the number of commutations, it has an effect on the switching
frequency of the converter [12]. With reduced switching frequency, this cost function
can lower switching losses as well as improve distortions caused by unnecessary
commutations. However, if a precise weighing factor, λn, is not applied, the power
quality will be degraded as the weighing factor has a large influence on the selected
switching state.

g = |ig,ref − ig,abc(k + 2)| + λnnc (24)
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4 Designed Simulation Model
The converter model was developed on PLECS® Blockset while the control system
was implemented in MATLAB® Simulink environment as shown in Fig. 17. The
bi-directional switches of the Swiss rectifier are controlled using a sector detector for
simplicity during this study. The two DC-switches of the Swiss rectifier are controlled
using the FCS model predictive control strategy where the model is sampled at a
frequency of 100 kHz. The designed MPC model in this is based on phase values of
the currents and voltages instead of vectors as the early development of the vector
based model proved to be unstable. Preliminary results of the vector based model is
shown in Appendix C for reference. Developed model of the Swiss converter contains
a single-stage LC filter at the AC-side input. However, a two-stage LC filter can also
be utilized for this application in order to take advantage of reduced size and weight
of filter components. Design of the two-stage LC filter and predictive functions in
the MPC algorithm for the two-stage LC filter have been designed in Appendix A
and B. Components used in this model, such as inductors, capacitors, diodes and
MOSFETs, are ideal components where no conductive losses are taken into account.

Figure 17: Simulation model developed on PLECS® Blockset.

Figure 18: Converter model subsystem developed on PLECS® Blockset which consist of
power source, LISN, LC filter and the Swiss rectifier.
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4.1 Control of Bi-directional Switches
The bi-directional third-harmonic current injection switches of the Swiss rectifier
are controlled using a simple sector detector. The third-harmonic current injection
network consists of three bi-directional switches; switch Sa in phase a, Sb in phase b
and Sc in phase c as shown in Fig. 19.

Figure 19: 3rd harmonic current injection switches.

The control signal to turn on a switch is given if the voltage in the phase of that
switch is in between the voltage of other two phases as shown in Fig. 20. When
operating in sector 1, bi-directional switch Sb is turned on, while switch Sa and Sc

are off. As Fig. 20 shows, third-harmonic current injection switches are switched at
a frequency of 800 Hz which is double the fundamental frequency.

4.2 Control of DC-Switches
Power semiconductors Sp and Sn shown in Fig. 6 are active switches in the DC-bus
of the Swiss rectifier that need high frequency control. Therefore, the MPC model
discussed in this study is implemented for the control of these DC-switches.

4.2.1 Phase-based FCS MPC Algorithm

The MPC algorithm as well as the sector detector are implemented on MATLAB®

function blocks in Simulink. The sector detector is used in the controller to determine
the sector of operation of the input voltage at a specific instance so it can provide the
MPC algorithm with the relevant reference signals and choose the currents through
DC-switches for a specific sector. The reference current for the converter input
current is calculated as shown in Eq. (18) and (19). The reference signals ig,ref+ and
ig,ref− are then used in the cost function of the model predictive controller.

In the MPC algorithm, a loop is created to evaluate the cost function for each
instantaneous input as shown in Fig. 21. The error between the instantaneous
reference current and the predicted current is evaluated as shown in Eq. (22),(23) or
(24). Similar to the vector-based model described in chapter 3.2, the looped MPC
algorithm starts by solving the input filter circuit as shown in Eq. (25).
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Figure 20: Sectors at 60° phases of the input voltage and control signals of the 3rd
harmonic current injection switches.

ug,abc = Lf
dig,abc

dt
+ uc,abc (25)

The controller is formulated in discrete time domain, therefore the dynamic system
in Eq. (25) is transformed into a discrete time model at a sampling time of Ts.
Therefore, Eq. (25) can be written as

ig,abc(k + 1) = ig,abc(k) + Ts

Lf

(ug,abc − uc,abc(k + 1)) (26)

The voltage across input filter capacitor, ug,abc in Eq. (26) is solved using Eq. (27)
to Eq. (28). By solving for the filter capacitor current, Eq. (27) is formed, where
ic,abc is the converter-side current that flows through the diode bridge.

ig,abc = Cf
duc,abc

dt
+ ic,abc (27)
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The dynamic system in Eq. (27) is transformed into a discrete time model. Therefore,
the input filter capacitor voltage is written as

uc,abc(k + 1) = uc,abc(k) + Ts

Cf

(ig,abc(k) − ic,abc) (28)

By substituting Eq. (28) into Eq. (26), input filter current can be written as

ig,abc(k + 1) = ig,abc(k) + Ts

Lf

(ug,abc − uc,abc(k) − Ts

Cf

(ig,abc(k) − ic,abc)) (29)

In the discrete time model shown in Eq. (29), future value of the inductor current,
ig,abc is predicted. In FCS MPC algorithm, Eq. (29) is repeated for one more cycle
in order to compensate for time delays caused by computations in the predictive
model as mentioned in [12]. For the second calculation of filter capacitor voltage, Eq.
(28) can be rewritten as

uc,abc(k + 2) = uc,abc(k + 1) + Ts

Cf

(ig,abc(k + 1) − ic,abc) (30)

and the filter input current Eq. (26), can be rewritten as

ig,abc(k + 2) = ig,abc(k + 1) + Ts

Lf

(ug,abc − uc,abc(k + 2)) (31)

In Eq. (29) and Eq. (30), possible converter-side current is inserted to ic,abc depending
on the sector and possible switching states shown in Table 1. The predicted second
cycle of the input current, ig,abc(k + 2), is then separated to represent the current
flowing through the positive and negative DC-bus switches Sp and Sn as shown in
Eq. (32) and (33). For each sampling cycle, four values of ig+(k + 2) and ig−(k + 2)
are calculated which later gets evaluated by the cost minimizing function to identify
the most cost effective switching state at each sampling instance.

ig+(k + 2) = MAX[ig,abc(k + 2)] (32)

ig−(k + 2) = −MIN [ig,abc(k + 2)] (33)
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Figure 21: Flow-chart of the FCS MPC algorithm
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4.2.2 Minimizing the Cost Function

In the MPC algorithm, cost function for each switching state for each positive and
negative switch is evaluated in order to determine the most ideal phase currents for
the future switching state. The most cost effective phase currents are selected in
common for both switches by summing the cost of individual switches where the
total cost for the next switching state is evaluated as shown in Eq. (34).

g = g+ + g− (34)

In the case of the cost function with a weighting factor for commutations as in Eq.
(24), the summed cost function was implemented as in Eq. (35).

g = g+ + g− + λnnc (35)

where g+ = |ig,ref+ − ig+(k + 2)| and g− = |ig,ref− − ig−(k + 2)|.

A cost minimization function is utilized after calculating the total cost of the
switches. This can identify the phase currents resulting the lowest cost for each
switching state. In a MATLAB® function block, this is simply implemented as shown
in Fig. 21 where the cost of each switching state is compared to the one calculated
before and if the cost for the new switching state is lower then that is selected as
the lowest cost gmin switching state until in the next cycle of the loop the values
for the next switching state is calculated. Once the MPC algorithm identifies the
lowest cost switching state jmin, the controller exits the main loop and sends the
corresponding switching signal to the positive and negative switch shown in Table 1.

4.3 Line Impedance Stabilization Network (LISN)
In order to evaluate emissions of the Swiss rectifier, the line impedance stabilization
network shown in Fig. 22 is used. The LISN is connected between the power source
and the input filter of the Swiss rectifier. LISN complements the device under test
(DUT) by providing an artificial mains network where mains impedance is used in
the EMI measurement. LISN also filters any high frequency harmonics that may be
present at the source. LISN is used for compliance with MIL-STD-461G as described
in [9]. LISN parameters in Table 2 is tested and its functionality is verified in [5] for
the application of this thesis.
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Figure 22: Equivalent circuit of the LISN

Table 2: Parameters of the LISN

Parameter Value Parameter Value

C1 8 µF C2 0.25 µF
R1 5 Ω R2 1 kΩ
L1 50 µH R3 50 Ω

4.4 Single-stage LC Filter
LC filter at the input of the Swiss rectifier is designed by taking into account reactive
power of the converter. In the simulation model 10% of the apparent power will be
allowed to be the reactive power. Therefore, the modelled 5kW Swiss converter will
be allowed a maximum reactive power of 0.5 kVAr. Reactive power of the converter
is kept within limits by calculating the capacitance of the LC filter as shown in Eq.
(36) - (38). Parameters of the converter specific to aircraft applications shown in
Table 3 are considered in the calculation.

Table 3: System parameters for filter calculations.

Parameter Value

Fundamental frequency (fN) 400 Hz
Active Power (P ) 5 kW

Maximum Reactive Power (Q) 0.5 kVAr
Phase-to-neutral grid voltage (Uph,RMS) 115 V

Equation for reactive power of the converter can be written as

Q = 3 · ωNCfU2
C,RMS (36)
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where, ωN , angular frequency is calculated by 2πfN , Cf is the capacitor value of the
LC filter and UC,RMS is the RMS voltage across the input filter capacitor which in
this study is assumed to be equal to the grid voltage Uph,RMS.

Cf = Q

3 · 2πfN · U2
C,RMS

(37)

Using Eq. (37), the input filter capacitor can be calculated to be,

Cf = 0.5kV Ar

6π · 400Hz · (115V )2 = 5µF (38)

In order to identify the appropriate cutoff frequency of the input LC filter, Fourier
spectrum of the input current should be investigated when no input filter is being used.
However, the MPC algorithm is dependant input filter inductance and capacitance.
Therefore, in the MPC algorithm inductance and capacitance values are defined as
Lf = 79µH and Cf = 5µF while no input filter is being used for the Swiss rectifier.
These values of Lf and Cf corresponds to the cutoff frequency of 8 kHz. The model is
simulated with absolute error cost function resulting in the Fourier spectrum shown
in Fig. 23.

Figure 23: Fourier spectrum of the input current, ig,abc, when no input filter is used.

Fig. 23 shows that the 5th order harmonic at 2 kHz is of largest magnitude
and needs attenuation in order to improve the quality of the current waveforms.
Therefore, the cutoff frequency, fc, of the filter is select to be 2 kHz and equation for
the cutoff frequency is written as

fc = 1
2π
√︂

LfCf

(39)
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Using Eq. 39 and capacitor value of 5µF , filter inductor, Lf , can be calculated to be

Lf = 1
Cf

1
(2πfc)2 (40)

Lf = 1
5 · 10−6

1
(2π · 2 · 103)2 = 1.3mH (41)

Selecting the cutoff frequency to be 2 kHz results in the filter inductor value of 1.3
mH. Using filter parameters in Table 4, most high-order harmonics can be well
attenuated by the LC filter as shown in Fig. 24. Even though, parameters of Table 4
result in good current quality, the inductor value of 1.3 mH is not practical, especially
in aircraft applications. Since aircraft applications require power electronic circuits
to be smaller in size and lighter in weight, a filter value of 1.3 mH can be mitigated
using a two-stage LC filter where component values of the capacitors and inductors
are lower resulting in smaller and lighter components. Designing of the two-stage
LC filter is described in Appendix A.

Table 4: Single-stage LC filter parameters

Parameter Value

Cutoff frequency (fc) 2 kHz
Filter Capacitor (Cf ) 5 µF
Filter Inductor (Lf ) 1.3 mH

Figure 24: Fourier spectrum of the input current, ig,abc, when LC filter cutoff frequency
is 2 kHz
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5 Results
The simulation model developed in Chapter 4 is operated under parameters shown
in Table 5, which are specific to aircraft applications. MPC algorithm for the DC-
switches is tested with a single-stage LC filter at the AC input and cost functions
with; absolute error, squared error and absolute error with weighted factor are tested
alongside for comparison. LISN described in Chapter 4.4 is connected between the
power source and the input LC filter of the Swiss rectifier for results shown in this
chapter. The simulation is run with a resistive load of 2 Ω to get a DC output voltage
of 100 V.

Table 5: System parameters

Parameter Value

Output DC voltage (UDC) 100 V
Sampling frequency (fs) 100 kHz
DC-bus Inductor (Ldc) 350 µH
DC-bus Capacitor (Cdc) 1 mF

Load resistor (RL) 2 Ω

Power factor correction of the MPC controlled Swiss rectifier can be seen in Fig.
25. The input current of the rectifier has no visible leading or lagging to the scaled
input voltage of the rectifier. Therefore, the power factor is considered to be at
unity since current is in-phase with voltage. The reference current and the predicted
current of the positive and negative DC-switch in Fig. 26 shows the error between
the currents in the MPC model at cost minimized switching states. A shift in the
waveform in 26b exists compared to 26a, because it is the inverted waveform of the
minimum input current phases as shown in Eq. (19) and (33).

Figure 25: Simulation results of input current and scaled input voltage of phase a.
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Figure 26: Reference current and predicted current of: (a) positive DC-switch, and (b)
negative DC-switch.

Input current waveforms shown in Fig. 27 are when the MPC algorithm consists
of absolute error as the cost function and squared error as the cost function. It can
be seen that both these cost functions produce similar results as they use similar
logic for calculating the cost by only reference tracking. The similarities in the two
cost functions can be further seen from the Fourier spectrum in Fig. 28. Both show
highest magnitude harmonics at 2 kHz and 2.8 kHz, and similar high order harmonics.
Simulations result in total harmonic distortion (THD) of 4.3 % for the absolute error
cost function when the filter attenuates harmonics at 2 kHz. In certain cycles, THD
reaches as high as 6.2 % due to the slight glitches at phase crossings. The squared
error cost function results in THD of 4.3 % as well and leads to THD of 7.5 % where
glitches are involved.

(a) (b)

Figure 27: Input current, ig,abc, of the Swiss Rectifier with input filter inductor 1.3mH
when using cost functions: (a) absolute error and (b) squared error
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(a)

(b)

Figure 28: Fourier spectrum of the input current, ig,abc, when using cost functions: (a)
absolute error shown in Eq. (22) and (b) squared error shown in Eq. (23).

Instead of attenuating harmonics at 2 kHz, harmonics at 2.8 kHz can be attenuated
by the use of a smaller filter inductor. When a 646µH filter inductor is used, the input
currents shown in Fig. 29 are observed for the two cost functions. In comparison
to the figures in Fig. 27, input currents are more distorted at phase crossings when
a smaller filter inductor is used. These distortions results in THD of 6 % for the
absolute error cost function and 5.2 % for the squared error cost function which are
higher than when a 1.3mH filter inductor is used. When distortions are involved the
THD can increase to as much as 8 % with either cost function. Therefore, following
results of this thesis are obtained using a filter inductor of 1.3mH which attenuates
harmonics present at 2 kHz.

(a) (b)

Figure 29: Input current, ig,abc, of the Swiss Rectifier with input filter inductor 646µH
when using cost functions: (a) absolute error and (b) squared error
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It is observed that the largest contributor to this higher THD is the result of
glitches at the crossover points of two phases. In addition to the glitch at the crossover
points of two phases, a slight distortion is visible on the third phase during the phase
crossovers. This phenomena can be seen in both Fig. 27 and 29. It appears that
source of the glitches are a result of the next phase trying to follow the previous phase
for a short time period. The algorithm fixes itself after a delay on most occasions,
which makes the sinusoidal waveforms shown in Fig. 27 possible. It can be concluded
that a wrong interpretation by the MPC algorithm is the main contributor to the
glitches at phase cross over points. On some occasions, the MPC algorithm takes
longer to fix the misinterpretation of the phases as shown in Fig. 30. This affects the
overall quality of the input current as well as causes a dip in output voltage. However,
use of a larger output filter capacitor would reduce the dip in output voltage.

Figure 30: Large distortions in the input current due to misinterpretations of the MPC
algorithm.

In MPC, switching frequency can be variable as the next switching state selected
by the MPC algorithm can be same as the current one if it is the switching state
with minimum cost. The varying switching frequency of the positive and negative
DC-switch with both cost functions can be seen in Fig. 31. The switching frequency
also proves the similarity between the two cost functions. When sampled at 100 kHz,
both cost functions show variable switching frequency in the range 3.8 - 50 kHz that
constantly changes as the most cost effective switching state is chosen by the MPC
algorithm.

After evaluating the results of the absolute error and squared error cost functions,
the more complex cost function shown in Eq. (35) was evaluated. In this cost
function, the absolute error is supplemented by a weighting factor that takes into
account the commutations of the positive and negative DC-switches. Results observed
in the simulation of this cost function is shown in Fig. 32, where Fig. 32a shows the
weighting factor being increased during the simulation. The value of the weighting
factor corresponds to how much the cost function reacts to switching commutations.
Therefore, it can be seen from Fig. 32d that the switching frequency decreases when
weighting factor increases, showing its sensitivity. Between 4 - 8 ms, a maximum
switching frequency of 50 kHz is reached when the weighting factor is one. When the
weighting factor is one, it appears that the switching frequency changes more often
as the cost function has less sensitivity for commutations. At a weighting factor of
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(a)

(b)

Figure 31: Switching frequency of the positive and negative DC-switch when using cost
functions: (a) absolute error shown in Eq. (22) and (b) squared error shown in Eq. (23).

two, the maximum switching frequency drops to about 34 kHz for both switches
as shown between 8 and 12 ms of Fig. 32d. The switching frequency further drops
when weighting factor is 3 and 4, making the maximum possible switching frequency
to be 14 kHz.

When the weighting factor is two or larger, the cost function becomes oversensitive
to commutations. This is a result of the commutations being the primary contributor
to the cost function with a larger weight than the absolute error between the predicted
and reference currents. Results of this phenomena is clearly visible in Fig. 32b where
the currents are highly distorted when the weighing factor is two or larger. As the
cost function in Fig. 32c shows, the increase in weighting factor highly contributes to
the increase in the minimum cost making it the decisive factor of the future switching
state. Large distortions similar to ones presented in Fig. 30 are more often visible
when the weighing factor is two or larger. Therefore, the input current waveform is
not often sinusoidal.

At weighting factors 0.5, 1.0 and 1.5, THD of less than 6 % is achieved as shown
in Table 6. At higher weighting factor values, reasonable THD is achieved when
the input current waveforms are sinusoidal. However, large distortions are present
more often in the waveform when the weighting factor is two or larger which are
not factored into the calculation of the THD. With the large distortions, current
waveforms are not sinusoidal and is considered very low quality. The Fourier spectrum
shown in Fig. 33 for each weighting factor shows the increase in magnitude of low
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(a) (b)

(c) (d)

Figure 32: When absolute error with a weighting factor is used as the cost function:
(a) weighting factor, λn, (b) input current, ig,abc, (c) cost function, g, and (d) switching
frequencies, fsw+ and fsw−.

order harmonics when the weighting factor is two or higher. Therefore, working with
a weighing factor of less than two is recommended for this cost function.

At weighing factors 3 and 4, the current quality is very poor making the THD
greater than 100 %. A THD of greater than 100 % is possible in this measurement
because it is the ratio of the summed powers of all harmonic components to the power
at fundamental frequency. With weighing factors 3 and 4, the power at fundamental
frequency is reduced due to the poor current quality as shown in Fig. 33c and 33d.
The presence of high powered low-order harmonics make the THD in these cases to
be above 100 %.

Evaluating output DC voltage and current of the Swiss rectifier for the three cost
functions, in Fig. 34 the drop in output power can be seen. In both cost functions
with absolute error and squared error, an output voltage of about 98 V and output
current of about 49 A is reached. The loss of 2 W in power can be seen as a result
of glitches at the phase crossings which slightly distorts the input current in turn
affecting the output DC voltage and current. In this simulation, output voltage is
controlled in an open loop fashion. Therefore, the addition of a feedback loop for
voltage control could improve the resulting output voltage and current to be 100 V
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Table 6: Total harmonic distortion of different cost functions.

Cost Function Weighting Factor (λn) THD THD at glitches

Absolute error 0 4.3 % 6.2 %
Squared error 0 4.3 % 7.5 %

Absolute error with λn 0.5 4.7 % 5.8 %
Absolute error with λn 1.0 5.3 % 6.9 %
Absolute error with λn 1.5 5.4 % 8.7 %
Absolute error with λn 2.0 5.9 % 8.8 %
Absolute error with λn 3.0 > 100 % > 100 %
Absolute error with λn 4.0 > 100 % > 100 %

(a) λn = 1 (b) λn = 2

(c) λn = 3 (d) λn = 4

Figure 33: Fourier analysis of the input AC current when absolute error with a weighting
factor is used as the cost function.

and 50 A as expected. In Fig. 35, the weighted cost function shows highly distorted
DC values after 0.8 seconds when the weighting factor is two or higher. Higher
output current and voltage drops are visible at large distortions of the input current
where the MPC algorithm wrongfully interprets the sinusoidal waveform at the phase
crossings as described earlier in this chapter. At weighting factors of two or higher,
the distortions of input current are made worse as the cost function is strongly forced
to choose the future switching state with less switching commutations.
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Figure 34: Output DC voltage and current when using cost functions: (a) absolute error
shown in Eq. (22) and (b) squared error shown in Eq. (23).

Figure 35: Three-phase input AC current and output DC voltage and current when
absolute error with a weighting factor is used as the cost function.
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6 Conclusion
In this thesis, a finite control set model predictive controller was designed for control-
ling DC-switches of the Swiss rectifier. The phase-based model predictive controller
was designed taking into account a single-stage LC filter at the AC input of the Swiss
rectifier. Emissions of the input AC current waveform was evaluated with special
consideration for distortions at phase crossings and the effect of the cost function on
the model was observed.

The simulated model resulted in lowest total harmonic distortion of 4.3 % when
the absolute error cost function or the squared error cost function was used. The
input current showed results of distortion at phase crossing points which caused
the third phase to distort as well during the phase crossings. Therefore, it can be
concluded that the the resulting THD is directly influenced by the distortions at the
phase crossing. Cost function weighting in commutations of switches can be operated
with a weighting factor of less than two. Even though weighting factors two or larger
reduces commutations, it affects the quality of the input AC current. Further study
is needed for selection of an effective weighting factor in the acceptable range of zero
and two that provides good power quality while reducing the switching frequency.

The resulting THD of the simulations meet less than 5 % THD expected to be
met by aircraft military standards for efficiency and safety. However, less than 5 %
THD is achieved by the use of a large input filter inductor for harmonic attenuation
at 2 kHz and less than 5 % THD is not consistently maintained due to distortions at
phase crossings. Therefore, further study is needed in order to use model predictive
control as a useful control strategy for Swiss rectifiers that can be used in aircraft
applications. Some key areas that further study can be focused on is with the use of a
two-stage LC filter at the AC input of the Swiss rectifier. Some preliminary modeling
of the predictive function for a two-stage LC filter has been shown in Appendix
B. A necessary next step to improve the simulation model would be designing a
feedback loop for controlling the DC output voltage. An intuitive method to reduce
or prevent the distortions at the phase crossings can also be a focus of further study.
Even though the design and results of this thesis focuses mostly on the phase-based
model, the space-vector based model described in Chapter 3.2 is also a good starting
point for further studies that has potential to provide good results. Some preliminary
results of the space-vector based model is shown in Appendix C.
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A Two-stage LC Filter Design
The single-stage LC filter provides good results with clean AC waveforms and a
steady DC output. However, the inductor value of a single-stage LC filter may not
be practical as it will produce a large filter in physical size and weight. Therefore, in
order for the developed Swiss rectifier to be useful in aircraft applications with smaller
size and lighter in weight, a two-stage LC filter is proposed to reduce the inductor
value by splitting the value into two inductors. Two-stage filters are considered highly
effective compared to single-stage filters, because they can attenuate harmonics at the
same level as a single-stage filter without having to use large and heavy components
[13]. In two-stage LC filters, it is important to take into account some design rules
when selecting the component values for the filter. This will ensure the filter is robust
and stable for different operating conditions of the converter while providing high
quality power.

Figure A1: Two-stage LC filter for input of the Swiss rectifier

When selecting capacitors for the two stage filter, the second-stage capacitor is
chosen to be 4-10 times higher than the first-stage capacitor [14]. This will make
sure that the second filter resonance does not change in case of capacitive loading of
the converter [13]. As per Chapter 4.3, the total filter capacitance have to be less
than 5 µF in order to meet the no-load maximum reactive power limit of 500 VAr in
this application. Therefore, the second-stage filter capacitor is selected to be Cf2 =
4.5µF .

When calculating the filter inductances, second-stage inductor Lf2 must be larger
than the first-stage inductor Lf1. This will give stage two a higher attenuation
favouring control stability of the converter with a lower cutoff frequency in stage
two [15]. Selecting the cutoff frequencies to be at a ratio of fc2 ≈ 0.1 · fc1, stage
two attenuation can be calculated as shown in Eq. (A1), where the required total
attenuation Areq[dB] = 95 dB and the factor of second stage attenuation out of total
attenuation is 0.7.

As2[dB] = 0.7 · Areq[dB] = 66.5dB (A1)

Calculated second-stage attenuation in Eq. (A1) can be utilized to obtain the
second-stage inductance by
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Lf2 = 10As2[dB]/20

4π2Cf2f 2
r

= 297µH (A2)

where fr = 200kHz is the first integer multiple of the switching frequency harmonic
within the range 150 kHz - 30 MHz [15]. With the selected component values for the
second-stage, the cutoff frequency of stage one and two can be found to be

fc2 = 1
2π
√︂

Lf2 · Cf2
= 4.35kHz (A3)

fc1 = 10 · fc2 = 43.5kHz (A4)

First stage attenuation can be found to be As1[dB] = Areq[dB] − As2[dB] = 28.5dB
and with first stage filter capacitor being Cf1 = 5µF −4.5µF = 0.5µF , the inductance
of the first stage can be found to be

Lf1 = 1
4π2Cf1f 2

c1
= 26.8µH (A5)

The two-stage LC filter parameters summarized in Table A1 can be simulated with
the algorithm shown in Appendix B.

Table A1: Two-stage LC filter parameters

Parameter Value

Stage 1:
Cutoff frequency (fc1) 43.5 kHz
Filter capacitor (Cf1) 0.45 µF
Filter inductor (Lf1) 29.7 µH

Stage 2:
Cutoff frequency (fc2) 4.35 kHz
Filter capacitor (Cf2) 4.5 µF
Filter inductor (Lf2) 297 µH



43

B Predictive Function - Two-stage LC Filter
This appendix supplements the thesis by designing the predictive function of the
MPC algorithm for a two-stage LC filter. Addition of a two-stage LC filter to the
Swiss rectifier is a possible path for continuation of the study done in this thesis.
Similar to the predictive function of the single-stage filter, the first stage of the filter
is solved as shown in Eq. B1.

ug,abc = Lf1
dig,abc

dt
+ uc1,abc (B1)

The dynamic system above is transformed to discrete form shown in Eq. B3 using
Eq. B2.

dig,abc

dt
= ig,abc(k + 1) − ig,abc(k)

Ts

(B2)

ig,abc(k + 1) = ig,abc(k) + Ts

Lf1
(ug,abc(k) − uc1,abc(k + 1)) (B3)

The voltage across the first stage filter capacitor, uc1,abc in Eq. (B3) is solved
using Eq. (B4) to Eq. (B6). By solving for the filter capacitor current, Eq. (B4) is
formed, where iL2,abc is the current through the second-stage filter inductor.

ig,abc = Cf1
duc1,abc

dt
+ iL2,abc (B4)

The dynamic system in Eq. (B4) is transformed into a discrete-time model using Eq.
(B5).

duc1,abc

dt
= uc1,abc(k + 1) − uc1,abc(k)

Ts

(B5)

Therefore, voltage across the first-stage filter capacitor is written as

uc1,abc(k + 1) = uc1,abc(k) + Ts

Cf1
(ig,abc(k) − iL2,abc(k + 1)) (B6)

When a two-stage LC filter is involved, the second stage also needs to be considered
when designing the predictive function. Voltage across the second-stage filter inductor
can be written as in Eq. (B7).
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uc1,abc = Lf2
diL2,abc

dt
+ uc2,abc (B7)

diL2,abc

dt
= iL2,abc(k + 1) − iL2,abc(k)

Ts

(B8)

The discrete form in Eq. (B8) can be substituted into Eq. (B7) in order to find the
predicted value of the second-stage inductor current like shown below.

iL2,abc(k + 1) = iL2,abc(k) + Ts

Lf2
(uc1,abc(k) − uc2,abc(k + 1)) (B9)

By defining current through the second-stage filter capacitor as shown in Eq. (B10)
and substituting the discrete form in Eq. (B11) into it, predicted voltage of the
second-stage filter capacitor can be found to be as in Eq. (B12).

iL2,abc = Cf2
duc2,abc

dt
+ ic,abc (B10)

duc2,abc

dt
= uc2,abc(k + 1) − uc2,abc(k)

Ts

(B11)

uc2,abc(k + 1) = uc2,abc(k) + Ts

Cf2
(iL2,abc(k) − ic,abc) (B12)

From the calculated Eqs. (B3), (B6), (B9) and (B12) above, predicted input current
of the next sampling time can be determined using the current, ic,abc. In order to
account for the computational delay, the predicted input current two time samples
ahead can be calculated as shown in Eqs. (B13), (B14), (B15) and (B16).

uc2,abc(k + 2) = uc2,abc(k + 1) + Ts

Cf2
(iL2,abc(k + 1) − ic,abc) (B13)

iL2,abc(k + 2) = iL2,abc(k + 1) + Ts

Lf2
(uc1,abc(k + 1) − uc2,abc(k + 2)) (B14)

uc1,abc(k + 2) = uc1,abc(k + 1) + Ts

Cf1
(ig,abc(k + 1) − iL2,abc(k + 2)) (B15)
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ig,abc(k + 2) = ig,abc(k + 1) + Ts

Lf1
(ug,abc(k) − uc1,abc(k + 2)) (B16)

The predicted current flowing through the positive and negative DC-switch is calcu-
lated as in Eq. (B17) and (B18). These currents can be used in the cost function
with the reference currents for reference tracking.

ig+(k + 2) = MAX[ig,abc(k + 2)] (B17)

ig−(k + 2) = −MIN [ig,abc(k + 2)] (B18)
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C Results of Vector-based MPC Model
This appendix provides results obtained from the vector-based MPC algorithm that
was preliminary developed as per Chapter 3.2. The vector-based model resulted
in high distortions at the AC input currents of the Swiss rectifier and affected the
stability of DC output power. As shown in Fig. C1, the quality of the sinusoidal
current waveforms are comparatively poorer than the phase-based model for absolute
error cost functions. Similar to the phase-based model, the source of distortions
in this model is the misinterpretation of phase crossings by the MPC algorithm.
However, in the phase-based model the MPC algorithm successfully recovers after a
short delay providing clearer sinusoidal waveforms. As concluded, further study into
the vector-based model is necessary to identify and solve or improve these distortions
in the AC current.

Figure C1: Three-phase input AC current and output DC voltage and current when
absolute error is used as the cost function.


	Abstract 
	Preface
	Contents
	Symbols and Abbreviations
	1 Introduction
	2 Three-phase Rectifiers
	2.1 Passive Rectifiers
	2.1.1 Six-Pulse Rectifiers
	2.1.2 Twelve-Pulse Rectifiers

	2.2 Active PFC Rectifiers
	2.2.1 Six-switch Buck-type PFC Rectifiers
	2.2.2 Delta Rectifiers

	2.3 Hybrid Rectifiers
	2.3.1 Boost-type Hybrid Rectifiers
	2.3.2 Swiss Rectifier
	2.3.3 Switching States
	2.3.4 Space Vector of Rectifier Input Current

	2.4 Electromagnetic Interference

	3 Model Predictive Control
	3.1 Finite Control Set MPC
	3.2 Vector-based MPC Algorithm
	3.3 Cost Functions

	4 Designed Simulation Model
	4.1 Control of Bi-directional Switches
	4.2 Control of DC-Switches
	4.2.1 Phase-based FCS MPC Algorithm
	4.2.2 Minimizing the Cost Function

	4.3 Line Impedance Stabilization Network (LISN)
	4.4 Single-stage LC Filter

	5 Results
	6 Conclusion
	References
	A Two-stage LC Filter Design 
	B Predictive Function - Two-stage LC Filter
	C Results of Vector-based MPC Model 

