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Generators working with variable speed, rather than fixed speed, have many advantages, which are well
documented in the literature. Higher efficiency, better power to size ratio and less mechanical stress in
the system are some of the characteristics of variable speed generators. In particular, variable speed diesel
generators can be used to provide small highly portable generation systems for emergency vehicles and
military/aerospace applications. Such systems can be used to feed stand-alone linear/non-linear loads
if an adequate power converter interface is provided. Four-leg matrix converters can be used as the
power electronic interface between variable speed generators and stand-alone loads. The fourth leg
provides a neutral point for single phase loads and a path for the circulation of zero sequence currents.
When non-linear loads are connected to the matrix converter output, relatively high harmonic distortion
can be produced in the load voltage unless an appropriate control system is provided. In this paper
the application of a repetitive control system to improve the quality of the load voltage is presented.
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1. Introduction

Conventional diesel generators have to be operated at fixed
speed in order to supply the load with constant frequency [1].
However for light load operation the efficiency of such a system
is low since the combustion process is poor and not all of the fuel is
burned by the engine. This increases maintenance and operational
costs [2-4]. Moreover, the diesel engine lifespan is reduced because
the system has to be operated at a higher average temperature. To
avoid this problem, variable speed operation of diesel generators
has been proposed in the literature [2-4]. There are at least two
important advantages related to the variable speed operation of
diesel engines:

- The fuel consumption can be substantially reduced [2]. As
reported in previous publications [2,3,5], when the diesel
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generator is operated along an optimal power-speed locus, the
diesel engine efficiency is increased.

- A small portable generation system can be implemented [1,2,6].
Virtually all diesel engines of interest (especially lightweight
automotive engines) are designed for sustained operation at rota-
tional speeds much higher than 1500 rpm and can produce much
more power if allowed to operate at higher speeds [7]. Limiting
operation to 1500 rpm effectively de-rates the engine.

Load adaptive variable-speed diesel technology increases the
portability of the generation system. It adapts to any load and
changes the speed to the most efficient point for a given electri-
cal power consumption. A much smaller less expensive technology,
such as engines designed for automotive applications, can be used.

1.1. Power converters for variable speed generation

When a variable speed generator is used to supply electrical
energy to isolated loads, power converter interfaces have to be pro-
vided to supply constant frequency and voltage at the output. If
star-connected unbalanced stand-alone loads are present, then a
neutral connection has to be provided in order to supply a path
for the circulation of zero sequence current. In some applications
the generator is connected to a bridge rectifier and a 3-leg volt-
age source inverter (VSI) at the output [1,2]. For this topology a
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Fig. 1. Variable speed generation system feeding an unbalanced stand-alone load.
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Fig. 2. Variable speed generation system employing a 4-leg VSI.

A-Y power transformer is connected to the VSI, providing a path
for the circulation of the zero sequence current (see Fig. 1). This
bulky transformer can be avoided if a 4-leg voltage source inverter
is used as shown in Fig. 2. In this case one of the legs of the load-
side converter is controlled to provide the neutral connection to
the load. To increase the operating speed range, the bridge rectifier
can be replaced by a 3-leg VSI. In that case two VSIs are required in
a back-to-back topology implemented with seven legs, three at the
generator-side converter and four at the load side converter (see
Fig. 2).

When portability is important, for instance to provide a gener-
ation system which can be used in an emergency vehicle [1,2,7] or
aerospace applications [8], the 7-leg back-to-back converter can be
replaced by a 4-leg matrix converter (MC) [9,10]. Again, the fourth
leg of the MC is provided to allow the circulation of zero sequence
currents in the load.

1.2. 4-Leg matrix converters

The main advantages of MCs are the size, portability, reliability
and efficiency [11,12]. Because the dc-link capacitors are elimi-
nated from the topology, the reliability is increased [ 11] and a much
better power to size ratio is obtained with respect to that of conven-
tional back-to-back converters. This isdiscussedin[12]. As reported
in that publication for a given nominal power and depending on
the switching frequency, the MC volume can reduce to only about
one-third/one-fifth of the volume of a VSI-based back-to-back con-
verter, achieving a better overall efficiency. Moreover, the MC can
be embedded in the stator of the generator as reported in [13].

Fig. 3 shows a 4-leg MC connected to a permanent magnet (PM)
generator at the input. The 4-leg MC is feeding a stand-alone load
at the output. A filter is used to reduce the total harmonic distor-
tion (THD) in the input current and it also provides the decoupling
capacitors required for current commutation. Twelve bidirectional
switches are used in the converter, each one composed of two IGBTs
and two diodes. Typically the switching of the IGBTs in each bidirec-
tional switch is controlled using the 4-step commutation method
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Fig. 3. A 4-leg matrix converter.

to avoid the momentary disconnection of the inductive load con-
nected at the matrix converter output [14,15]. A second order LC
filter is required to reduce the distortion in the load voltage. The
design of this filter is conventional and the cut-off frequency has
to be selected in order to adequately attenuate the switching har-
monics, without affecting the 50 Hz components.

Space vector modulation is well known for conventional 3 x 3
matrix converters and its implementation and desirable character-
istics have been widely discussed in the literature [33]. In this work,
we use the only extension of the SVM method reported for the 3 x 4
case [9,10] where the MC output vectors are represented in the
three-dimensional o—B-y space. Further details about the modu-
lation algorithm are considered outside the scope of this paper and
the interested reader is referred elsewhere [9,10].

Fig. 4 shows the variable speed diesel generation system pro-
posed in this work. The system is controlled using a DSP + FPGA
based control platform. The FPGA is used in the implementation
of the SVM, 4-step commutation method [15] and control of the
A/D-D/A converters. A 4-leg MC is connected to the generator to
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Fig. 4. Variable speed generation system proposed in this work.

feed the unbalanced load. The rotational speed of the diesel gener-
ator is controlled in order to operate the engine along the optimal
power characteristic [3].

When non-linear loads are connected to the matrix converter
output, relatively high harmonic distortion can be produced in the
load voltage unless an appropriate control system is provided. In
this paper the application of a repetitive control system to improve
the quality of the load voltage fed by a variable speed system is
presented in Section 2.

The rest of this paper is organised as follows. In Section 2
repetitive and resonant controllers are discussed. The design and
implementation of the control system is presented in Section 3. In
Section 4 the input current distortion is briefly analysed. Experi-
mental results are fully discussed in Section 5. Finally an appraisal
of the work is presented in Section 6.

2. Repetitive control system

The variable speed generation system of Fig. 4 can be used to feed
non-linear loads. In this case the load voltages can have a relatively
high harmonic distortion unless an appropriate control system is
used. To deal with this situation the use of resonant controllers for
3 x 4 MC applications has been reported in [5,16,17]. In the Laplace
plane a resonant controller has two purely imaginary poles with a
resonant frequency of w,, where w, is the desired output frequency.
A resonant controller, implemented in a-b-c natural coordinates,
has the following transfer function:

$% 4+ 2Lwps + 0

GC(S) =K. 24 w%

(1)
where K. is the controller gain. In the numerator of (1), zeros
located close to the resonant poles are used to improve the dynamic
response. Fig. 5a shows the implementation of the resonant con-
troller for the regulation of a single harmonic component of
frequency wq. In this graphic v}; is the reference voltage for the
load voltage in phase “a” with respect to the neutral connection
“N” and vgy is the voltage at the output of the MC. Notice that in
Fig. 5a the space vector modulation algorithm is represented by a
one sample time delay plus a zero order hold (ZOH). At the output
of the plant (see (7)) the voltage v is measured and fed back to
the control system.

In the z-plane, the transfer function of the resonant controller
is:
224+ ai1z+ay

G =K
(2) sz2+b1z+b2

(2)
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Fig. 5. Resonant control system. (a) Closed loop system. (b) Pole-zero placement of
(2) in the Z plane.

In this case the resonant poles are located on the unit circle, as
shown in Fig. 5b, making an angle with respect to the real axis
of woTs rads~1, where T is the sampling time. Notice that the
digital implementation of (2) requires at least five floating point
multiplications plus some additions and memory storage opera-
tions. Using the internal model principle [18] it is relatively simple
to demonstrate that the resonant controller of (1) regulates any
signal of frequency wy in the load voltage with zero steady state
error. However if the load current is distorted, a high order reso-
nant controller is required in order to regulate the harmonic voltage
components that are otherwise generated. This regulator has the
following transfer function:

52 4+ 20wms + w2, % + 200ns + 7,

+Ke2 > 5 +... 4+ Kem
$° 4wy,

52 4 200nmS + Wiy
s2 4+ w2,

2 2
S +(1)01

where each resonant controller has a gain K, a resonant frequency
w,; and two complex zeroes designed to increase the stability of
the system. Using the controller of (3) output signals with frequen-
cies of w,; can be independently regulated or eliminated from the
output.

Control systems based on multiple resonant controllers have
already been reported in [17] where the performance of a control
algorithm with six resonant controllers per phase, tuned at OHz,
50Hz, 100 Hz, 150Hz, 200 Hz and 250 Hz, is discussed. The perfor-
mance of that controller is good with a fast dynamic response. As
discussed in [17], for a non-linear load the total harmonic distor-
tion can be reduced from 15% to 3%. However the computational
burden required for implementing eighteen resonant controllers in
each sampling time is high and the switching frequency of the MC
had to be reduced from 10 kHz to 5 kHz in [17]. This is undesirable
since one of the main advantages of MCs, their good power to size
ratio [13,19], is lost when the switching frequency is reduced due
to the need for bigger filters [19].

Repetitive control systems [20-23] are an alternative to reso-
nant controllers and are based on a similar principle, i.e. to use
resonant poles in order to regulate or eliminate signals of frequen-
cies w,; [ 18]. The repetitive controller achieves this efficiently, since
its transfer function typically requires low processing power for
digital implementation [24,25].

Repetitive controllers are based on the equation: ZN —1=0
which produces N roots located on the unit circle in the z-plane.
The equation can be solved using:

ZN —1=0= angle(zN)=0 (4)
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Fig. 7. Repetitive control system.

Using (4)itis relatively simple to demonstrate that control systems
with the transfer function:

kez

Gel2) = 7= (5)
Have N poles located on the unit circle, as shown in Fig. 6. Therefore,
Nresonant poles are produced by (4) and (5) whose expressions are
simpler than the high order controller of (3). Repetitive controllers
are also based on the internal model principle [18] and are mainly
used to eliminate the effect of harmonics in closed loop systems
[20,21].

If an unbalanced non-linear load is connected to the system
output (see Fig. 5a), the harmonic distortion produced in the volt-
age can be represented as sinusoidal signals with frequencies kw,
where w, is the output fundamental frequency and k is an integer.
Therefore the harmonic distortion can be considered a periodic per-
turbation to be eliminated by the repetitive controller. The value of
Nin (5) is an integer equal to ws/w,, where ws is the sampling fre-
quency. The controller of (5) cannot be used directly in the closed
loop control system because the N open loop poles located along
the unit circle may reduce the phase margin of the system below an
acceptable value. Therefore some additional compensators have to
be added to (5) in order to improve the phase margin of the control
loop [29].

Fig. 7 shows the repetitive control system proposed in this paper.
The design of the repetitive controller and additional lead com-
pensators is based on the design procedure reported in [26]. The
“plug in” topology reported in [23,26] has been selected because
it allows a simple implementation where the repetitive controller
augments the conventional controller C(z) (see [16,26]). Other
repetitive controller topologies are also possible [30-32], but they
are not considered further here.

In Fig. 7 the transfer function Q(z)corresponds to a zero phase-
shift, low-pass filter with transfer function [26]:

ZP 4+ 2P+ Yy 1(z7 P o zp-1y
Q(z) = Yol Yp-1l( ) Yo 6)
2yp+2¥p_1+ -+ 0

where yo>y1>--->y,. The low pass filter Q(z) is used to reduce
the high frequency gain of the repetitive controller, increasing the
stability of the system. A zero phase-shift transfer function for Q(z)
is recommended in [26] in order to avoid reduction in the system
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Fig. 8. Three phase control system including the repetitive control topology of Fig. 2.

phase margin. Other transfer functions, suitable for the implemen-
tation of Q(z), are discussed in [26,30-32].

Transfer function P(z) corresponds to the plant connected at the
MC output. With an unbalanced linear load (see Fig. 8) the plant
can be different in each phase, i.e. it can be represented as three
transfer functions Py(z), Py(z) and P.(z). Assuming a resistive load
connected at the MC output (see Figs. 5a and 8), the plant Py(s) can
be represented as:

_ VaL _ Riq
VaN SZRLaCfo + SLf + Riq

Pq(s) (7)
where Vgy is the line to neutral voltage of phase “a” at the MC out-
put and Vy; is the load voltage. The transfer functions P,(s)and P¢(s)
are obtained by replacing R;, with R;;, and R; . respectively. For sim-
plicity, resistive loads have been assumed. Furthermore, for design
purposes it is assumed that the load resistance R; — co. This is the
worst case situation corresponding to a damping factor of zero in
the output stage. If the load resistance is decreased, the output fil-
ter pole shown in Fig. 5b moves inside the unit circle increasing the
dynamic stability of the control system.

In Fig. 7, the signal U(z) is the demanded voltage which is the
input to the three dimensional SVM algorithm, designed for 4-leg
matrix converters, and reported in [10]. L(z) is a lag network used
to reduce the high frequency gain of the repetitive control sys-
tem and Ky corresponds to the gain of the repetitive controller.
As mentioned before, the value of N (see Fig. 7) is an integer corre-
sponding to the ratio between the sampling frequency and the MC
output fundamental frequency. A block diagram considering the
three repetitive controllers, to regulate each phase to neutral volt-
age, is shown in Fig. 8 (where “RC” denotes repetitive controller).
In this case, given the design assumptions, the three controllers are
identical. For simplicity, in Fig. 8 the transformation from a-b-c to
o-B-y and vice versa are considered as part of the block labelled
“SVM” and the MC is considered ideal, such that the demanded
voltages are reproduced exactly at the converter output.

3. Control system implementation

The generation system shown in Fig. 3 has been implemented
using a second order output filter with Ly=2.5mH and C;=40 pF.
The sampling time is 100 s, for a switching frequency of 10 kHz
and the MC output frequency is 50 Hz. In the z-plane, the transfer
function of the repetitive controller is:

R = T o

where N=200. Considering the stability analysis presented in [26]
a Kgc value of 1 has been selected in this work. As explained before

(8)
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Q(z) is used to reduce the high frequency gain of the repetitive
controller. An additional degree of freedom to compensate for the
high frequency gain is provided by the transfer function L(z) see
[26,30-32].

Satisfactory results have been obtained employing the following
transfer functions for L(z) and Q(z):

z 14242

Q) == (9
_0.195z% + 0.3895z + 0.1948

z2 —0.4833z +0.2522

which have been analysed and tuned using the RLTOOL command
available in MATLAB® control-toolbox software. The root locus
method, combined with Bode diagrams [29], has been used in
the analysis of the proposed control system (see (8)). The design
aims are to place all the closed loop poles inside the unit cir-
cle in the z-plane with a phase margin of at least 40-45° for the
open loop transfer function of Fig. 7 (considering compensators
and plant). A computer model of the system that considers all
the digital effects and the space vector modulation algorithm was

L(z) (10)

100
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Fig. 10. Bode diagram of the proposed controller.

integrator has been included in (11)in order to increase the dc-gain
of the controller.

The second order transfer function at the right of (11) is a
lead-lag compensator which is used mainly to compensate for the
oscillatory behaviour due to the open loop poles of the LC out-
put filter. This lead-lag network can be also used to increase the
phase margin of the entire system. A Bode diagram for the proposed
controller (see (8)) is shown in Fig. 10. Notice the high gain peaks
at integer multiples of the fundamental frequency. As depicted in
Fig. 10, the high frequency gain has been significantly reduced.

4. Input current waveform

One of the applications of the four-leg matrix converter based
system (see Figs. 3 and 9) is to feed non-linear loads. Since the
matrix converter does not have energy storage components [14],
instantaneous power balance between the input and the output of
the converter can be used to calculate the harmonic components
in the input current.

Assuming that the MC output currents and voltages are unbal-
anced and contain components at frequencies “wy” and “nwg”, then
the instantaneous output power is:

Py = gRe [(Ul ejwot + Uze—jwot + Unt ejnwot + Unze—jnwot)(il ej(wot+61) + ize—j(w0t+02) + inlej(nw0t+0m) + inze—j(nw0[+0n2))C} (12)

3

implemented in SIMULINK®. This model was used to verify the
expected performance of the proposed controller in advance of the
experimental implementation.

The poles and zeroes for the transfer function of (8) are shown in
Fig. 9, illustrating the N poles and N zeroes produced by the repeti-
tive control system. In Fig. 9, the high frequency poles, located close
to fs/2 (where f; is the sampling frequency), are not on the unit cir-
cle because of the influence of the low pass filter Q(z) and the lag
network L(z) in (8). The function of the lag transfer function L(z), is
to reshape the root locus, reducing the high frequency gain of the
repetitive control system. The transfer function of (9) corresponds
to the zero phase-shift, low-pass filter employed.

In Figs. 7 and 8, the transfer function ((z) corresponds to a
conventional PI controller cascaded with a lead-lag network. The
PI controller is required to eliminate any dc component from the
load voltage. Such dc components are typically produced by some
non-linear loads, e.g. half-wave rectifiers. The transfer function
C(z) used is:

z—0.8283 z2—1.868z + 0.9049
z-1 72 —1.214z +0.37

C(z)=3 (11)
The term to the left of (11) corresponds to the z-plane PI controller.
Notice that the transfer function of (8) already has a pole at z=1
[31,32]. However, for the transfer functions of (9)-(11) the term
1+R((z) (see Fig. 7) has a zero located very close to z=1, almost
cancelling the aforementioned pole (note that this pole-zero
cancellation effect is located within the digital controller, and is
not affected by plant parameter variations).Therefore an additional

where the subscripts “1”, “2” stand for positive and negative
sequence components respectively. The superscript “c” stands for
the complex conjugate operator and 64, 65, 6,7, and 6, are arbi-
trary phase angles. Assuming that the input voltage is balanced,
the input power is:

Re(vi;) (13)

Using (12)in (13) yields:
e—j(ul-(ul elwot + Uze’j‘”U[ + Uni einwgt + U,,ze’j”‘"ﬂ[)

2 (i e J(@ot+61) 4 j, eil@ot+62) 4, e=inwot+bn1) 4 j , ei(nwot+6;2))
Re(i;) = =Re
- 3

(14)

[uil

Using (14) it is relatively simple to conclude that the input current
has frequency components of order wj, (w;j—2wy), (w;j+2wo),
wit(n—1w,,, wi—(n—-1)w,, wij+t(n+1)w,, w;—(n+1)w,,
(w;j —2nw,) and (w;+2nw,). Even if the load is unbalanced
containing only positive and negative sequence current compo-
nents, harmonic distortion with frequencies of (w; —2w,) and
(wj+2w,) will be present at the MC input current. More infor-
mation about input current distortion of 4-leg MCs is available
elsewhere [10,16,17].

The current distortion, due to output unbalance, is handled by
the generator, which is usually capable of operating with significant
current waveform distortion [8,27,28]. Nevertheless, local heating
or relatively large torque pulsations might be produced if the THD
in the MC input current is too large. In a practical system there will
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Fig. 11. Experimental system.

ultimately be a limit to the degree of input current distortion that
can be tolerated [10].

5. Experimental results

The control methodology discussed in this work has been val-
idated using the experimental system shown in Fig. 11. The SVM
algorithm and repetitive control systems are implemented using
a DSP based control board and an FPGA, the latter implementing
the four-step commutation method and generating the switching
signals for the IGBT gate drivers [15]. Either a three-phase vari-
able transformer or a PM generator can feed the MC input. For data
acquisition an external board, with 10, 14 bit, analogue to digital
(ADC) channels (1 s conversion time), is interfaced to the DSP.
Data acquisition is also realised using a digital oscilloscope with a
maximum storage capability of 500 k points and a maximum sam-
pling rate of 2 GS/s. Hall-effect transducers are used to measure
the input and output currents and voltages. A single-phase power

Voltage
Transducers

Current

b

=
t

.

input

1%
D
Inpu

Capacitor

Fig. 12. 3 x 4 MC used in this work.

quality analyser has also been used to measure the harmonic dis-
tortion in the currents and load voltages. Hall effect current probes
withabandwidth of 2 MHz are used to measure the currents. For the
measurements of the voltage signals, differential probes of 25 MHz
bandwidth are used. More information about the experimental sys-
tem is given in Appendix.

Fig. 12 shows the 3 x 4 phase MC prototype used in this work.
The MCwas designed by the Power Electronic Machines and Control
Group (PEMC) at the University of Nottingham. It uses 12 bidirec-
tional switches, type Semikron SK60GM123, and includes a clamp
circuit and 4 current/3 voltage transducers.

Steady state performance of the repetitive controller, obtained
from the digital oscilloscope, is shown in Fig. 13. For this test a
star connected load is used. The fourth leg of the MC is connected
to the load neutral (see Fig. 3). Resistive loads of approximately
15 2 are connected between the neutral point and phases b and
c. In phase q, the 15 Q2 resistive load is connected in series with a
diode rectifier. A 70 V 50 Hz three-phase reference voltage signal is
internally generated by the DSP.

Fig. 13a shows the waveforms corresponding to open loop oper-
ation. The distortion is high in V;; with a total harmonic distortion
(THD) close to 9%. Some distortion is also present in the waveforms
corresponding to Vp,, and V.. Notice that the waveforms shown
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Fig. 13. Steady-state performance of the repetitive controller. (a) Load voltage waveforms corresponding to open-loop operation. (b) Load voltage waveforms corresponding

to closed-loop operation of the repetitive controller.



24 R. Cdrdenas et al. / Electric Power Systems Research 104 (2013) 18-27

[ 10as  0.0000s Ave Oirig'd

"E367% B Ses  0.0000s A DOirig'd E3 67%

Edge _ G0 HF-Rej  40.0aV
BY

RTC:2012/05/

e

@D HF-Rej  -28.0nV
v BW

20k5 Tk points  RTC:2012/05/1

Fig. 14. Steady-state performance of the repetitive controller. (a) MC output currents i, iy, ic. (b) Matrix converter output current i, and the neutral current iy.

B S5Sms  0.0000s Avg Oirig’d B3 67%
M, Pash.™y P
ey 7 R =
‘n“ / ;| f \
\ _/“ \ ,"J
\ f \ f \
\ / \ / \
2 \w.vn‘l-—r/ wr/ W"\t‘«--ww
Edge _i @0 HF-Re.j -28. 0nV
V. BW 2: 200mV 3: 200mV §  4° 200mV_BW
DCTNQ DCTMQ DCTMQ
0. 00ViaV 0. 0OVEmp ty Enpty
~ 20kS 1k points RTC:2012/05/1

Fig. 15. MC output current iz and the load current ij.
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in Fig. 13a have a dc component of about 7% of the fundamental
voltage due to the half wave rectification in phase a.

Closed loop operation of the proposed repetitive controller is
shown in Fig. 13b, in this case a THD of about 2.4% is achieved for
Van. This is a good improvement over the value obtained for open
loop operation. The repetitive control routine requires only 50 s
of processing time in the DSP (Texas Instruments TMS320C6713).
As shown in Fig. 13b, the waveforms corresponding to V;,, and V¢,
are almost distortion free. For the experimental test corresponding
to Fig. 13, a gain of 1/20 has been set in the differential voltage
probes in order to measure the phase to neutral load voltages. The
difference between the voltages of Fig. 13a and Fig. 13b are due
to the fact that in Fig. 13a the voltage drops in the devices, output
filter and matrix converter gain variations are not compensated by
the control system.

In Fig. 14 the MC output currents corresponding to Fig. 13 are
shown. The current is measured with a voltage to current ratio of
100 mV/A. Fig. 14a shows the currents in the MC outputs a,b,c. The
current i; has very high distortion with a THD of 43%. Notice that
ig has a dc current component which circulates through the fourth
leg. This is shown in Fig. 14b.
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Fig. 16. Dynamic performance of the proposed repetitive controller. (a) Performance for a step-up in the reference voltage. (b) Performance for a step-down in the reference

voltage.
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Fig.17. Performance of the system considering a non-linear load step and frequency
variation at the MCinput. (a) Permanent magnet machine rotational speed. (b) Mag-
nitude of the load voltage vector. (c) Zoomed view of the load voltage corresponding
to the test of (b).

The experimental results shown in Figs. 13 and 14 demonstrate
the good performance achieved in steady state operation with
the proposed repetitive controller. The load is strongly non-linear
because of the half-wave rectification in phase a. The load current
is shown in the bottom trace of Fig. 15.

The dynamic performance of the repetitive controller is shown
in Fig. 16. Here, the digital oscilloscope is operated in single-shot
mode with a trigger signal obtained from one of the D/A convert-
ers controlled by the FPGA board. Fig. 16a shows a step up in the
reference voltage from 35V to 70V. The repetitive control sys-
tem drives the load voltage to the new reference voltage in about
18cycles. Fig. 16b shows the step down performance. In this case
the reference signal is changed from 70V to 35V with a similar per-
formance to that obtained from Fig. 16a. For the results in Fig. 16 the
non-linear load was unchanged from that used for Figs. 13 and 14.

Performance of the repetitive controller considering step varia-
tions in the load and variable frequency operation at the MCinput is
showninFig. 17.Inthis case, the MCis fed from the permanent mag-
net generator. The rotational speed is increased from w; = 1000 rpm
to wr=20001pm in 60s (corresponding to an MC input frequency
variation of ~66 Hz to ~130Hz). At t=60s the rotational speed is
decreased back to 1000 rpm (see Fig. 17a). Initially the MCis feeding
aresistive balanced load of ~15 Q2 in each phase. At t ~ 38 s an addi-
tional 15 €2 resistor is connected in parallel with one of the phases.
This unbalanced load is disconnected at t~ 86s.

Fig. 17b shows the magnitude of the load voltage (calculated
from the - -y components). Notice that the load voltage is well
regulated despite the input frequency variation and the load step
at the output. Fig. 17c shows a zoomed view of Fig. 17b. Notice
that the load steps produce a dip and an overshoot of less than 5V
in the output voltage. In Fig. 18a the unbalanced load step in the
(phase a) current is shown. Notice that the zero sequence current
is circulating through the neutral connection provided by the 4th
leg of the MC (see Fig. 18b).

6. Discussion

It has been shown in this section that the repetitive control
system, proposed for the variable speed generation topology of
Fig. 3, has good performance. For the same generation topology the
authors have implemented high order resonant controllers whose

0 20 40 60 80 100 120
Time (s)

Fig. 18. Unbalanced load current corresponding to the test of Fig. 17. (a) Current

step in phase a. (b) Current in the neutral provided by the 4th leg.

Table 1
Summary of the performance for a high-order resonant controller.

Processing time high order resonant controller ~200 s
Total harmonic distortion (THD) >3%
Settling time for a step change in the input reference 5-8 cycles (50 Hz)

Table 2
Summary of the performance for the proposed repetitive controller.

Processing time repetitive controller ~50 ps
Total harmonic distortion <2.5%
Settling time for a step change in the input reference 18 cycles (50Hz)

performance is reported in [17]. A summary of the performance is
presented, for the same operating conditions in Tables 1 and 2.

The resonant controller with six gain peaks, reported in [17]
achieved a THD of 3% (with a non-linear load identical to that
used in this work noting that dc components are not considered
for the calculation of the THD) but requires a processing time of
about 200 WS in a Texas Instrument DSK6713 DSP. The repetitive
controller discussed in this work produces more than six resonant
peaks (as shown in Fig. 10) and can be implemented in just 50 .S
of processing time. Because the repetitive controller has more high
gain peaks it can reduce the THD to about 2.3-2.5%. However the
dynamic response of a high order resonant controller is faster, with
a settling times of about five cycles for step changes in the output
voltage (typically the dynamic response is dependent on the size
of the output filter capacitor). Both, repetitive and resonant con-
trollers have a relatively good response to step changes in the load.
The main advantage of a repetitive controller is in the reduced pro-
cessing time producing lower THD in steady state. Moreover, step
changes in the load voltage are unlikely for a typical variable speed
diesel generation system, which is mostly subjected to fast load
changes. As shown in this paper the proposed repetitive control sys-
tem has a good dynamic response for unbalanced linear/non-linear
load step variations.

As discussed in the introduction, the MC has many advantages
when compared to voltage source inverters in term of size and reli-
ability. However, as mentioned before, there are no energy storage
components in the matrix converter. Therefore the MC input cur-
rent has some harmonic distortion when the converter is feeding
unbalanced distorted loads. This is shown in Fig. 19. The output cur-
rent corresponds to that shown in Fig. 14b. The input current (see
Fig. 19b) has some harmonic distortion with a total THD of about
22%. This THD value is the same for all the input currents.

As stated before, the permanent magnet generator is capable of
operating with a relatively high current distortion. However, there
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Fig. 19. Matrix converter current for non-linear operation. (a) MC output current. (b) MC input current.

Table 3
Parameters of the experimental rig.

Parameter of the MC input filter
Parameters of the MC output filter
MC commutation method

MC switching frequency

MC fundamental output frequency 50Hz
MC fundamental input frequency
MC nominal power

Number of poles permanent magnet generator 8
PMG nominal speed and power
Prime mover

L;=0.625mH, ;=2 wF

L=2.5mH, C=40 uF

4-Step commutation method, T=0.7 uS in each step
10kHz

Tested in an operating range from 50 Hz to 130 Hz
~3 kW for a 380V line to line input voltage

2000 rpm, 5 kW
Cage machine, 2 poles, 2910 rpm, 5 kW nominal power

will ultimately be a limit to the degree of unbalance/distortion that
can be allowed in the load fed by the 4-leg MC.

7. Conclusions

This paper has presented the application of a repetitive control
system to a 4-leg matrix converter power supply. The controller is
designed to eliminate the harmonic distortion from a non-linear
load connected at the 3 x4 MC outputs. Because of the periodic
nature of the distortion, a repetitive controller can be used to advan-
tage for improving the THD at the MC output voltage. The proposed
control system has good performance in steady-state and is able to
deal with distortion introduced by highly non-linear loads. System
performance for step changes in the reference voltages has been
presented, illustrating an acceptable dynamic response. Controller
performance for step changes in load has also been presented,
showing good regulation of the output voltage regardless of the
generator speed. The computational burden of the repetitive con-
troller is low and operation with high switching frequency and
reduced THD is easily achievable.

The aim of this work was to obtain a low load-voltage THD,
with a reduced computational burden and an appropriate dynamic
response. According to the experimental result presented in this
paper, this aim has been achieved.
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