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In this paper a new control system for a 4-leg Matrix Converter (MC) feeding an isolated load is dis-
cussed. The proposed system is appropriate for wind-diesel schemes or any other application where
a path for the circulation of zero sequence currents is required, e.g. wind energy conversion systems
feeding isolated loads, small portable diesel generators used in ambulances and similar emergency
vehicles, wind hybrid generation systems, wind-diesel schemes, etc. In this work it is assumed that the
4-leg MC is fed from a variable speed diesel-driven Permanent Magnet (PM) generator. A vector control
system based in two synchronous rotating d-q axes is used to regulate the load voltage. The frames are
rotating clockwise and counter-clockwise respectively in order to control the positive and negative
sequence of the output signals. A separate resonant controller is used to regulate the homopolar
components of the load voltage. The design of the control system is discussed in this work and exper-
imentally validated using a prototype.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The advantages of variable speed generation are well known
[1,2]. Maximum efficiency in the energy conversion process could
be achieved by operating the system at an optimal point in the
power-speed plane [1e4]. For instance in wind energy conversion
systems the maximum steady state aerodynamic efficiency is
produced when the power captured by the wind turbine is
proportional to the cube of the rotational speed [1]. In diesel
engines the maximum Output Power/Fuel consumption ratio is
obtained when the rotational speed is changed in order to follow an
optimal power-speed curve [3,4].

Variable speed operation of generators has some additional
advantages. For instance, reduced mechanical stresses in some
components of the systems [1], e.g. gear boxes, blades and less
maintenance of diesel generators [3]. When variable speed
distributed generation topologies are implemented, improved
efficiency is achieved by generating the energy close to the
consumption point [5,6]. However, variable speed generation
produces electrical signals with fluctuating frequency and voltage
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magnitudes and power electronics is required in order to feed the
load with regulated signals.

A variable speed generation system can be applied in grid-
connected or stand-alone generation systems. When the system
is feeding a stand-alone load, a neutral connection is required to
allow the circulation of zero sequence current components [7,8].
One of the methods to provide a neutral connection is to use a D-Y
electrical transformer connected to the output of the power
converter. Therefore, the neutral point is provided by the star-
connected secondary of the electrical transformer. However, in
recent publications [8e10], power converters with four output
wires have been proposed to feed isolated unbalanced loads. Fig. 1
shows two power converter topologies reported in the literature
which can be used to supply electrical energy to isolated single-
phase loads [8]. In the schemes shown in Fig. 1, PWM voltage
source converters, connected in back-to-back topologies, are used.
The machine-side PWM converter could be replaced by a rectifier
bridge followed by a step-up chopper [11]. Nevertheless, the Total
Harmonic Distortion (THD) in the stator currents is much higher in
this case [12].

In the scheme shown in Fig. 1a, the load neutral is tied to
a middle-point in the dc-link capacitors. This topology is simple to
implement but it is not appropriate when heavily unbalanced loads
are fed by the load-side converter [13]. In this case the capacitor
ripple current is high and a known drawback of this topology is that
excessively large dc-link capacitors could be required. In the
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Fig. 1. Two topologies, based in back-to-back PWM voltage source converters, currently used to allow the circulation of zero sequence currents in the isolated load. a). The load
neutral is tied to a mid-point of the dc-link capacitors. b) The neutral point is provided by a 4-leg converter at the load-side.

Fig. 2. A topology approximately equivalent to that shown in Fig. 1b implemented
considering a 4-leg matrix converter.

R. Cárdenas et al. / Renewable Energy 43 (2012) 343e353344
topology shown in Fig. 1b, the neutral point is provided by an
additional leg implemented with two semiconductor switches [8].
Using the adequate modulation algorithm, for instance a three-
dimensional Space Vector Modulation (SVM) algorithm [14], the
line to neutral output voltages van, vbn, vcn are synthesised and
independently controlled.

A topology similar to that shown in Fig. 1b is obtained when the
back-to-back 3 � 4 PWM voltage source inverter is replaced by
a 3 � 4 MC. This topology provides bidirectional power flow,
sinusoidal input/output currents and controllable input displace-
ment factor [15e17]. When compared to back-to-back converters,
the MC has some significant advantages. For instance, due to the
absence of electrolytic capacitors, the MC can be more robust and
reliable. The space saved by an MC, compared to a conventional
back-to-back converter, has been estimated as a factor of three [16].
Because of the good power to size ratio, 4-leg MCs can be used in
portable generacion systems, for instance in variable speed diesel
generation [10], variable speed wind-diesel topologies, distributed
generation applications, emergency vehicles [18], etc.

A topology considering a 4-leg matrix converter, replacing the
back-to-back converter, is shown in Fig. 2. The PM generator is
feeding the matrix converter input. A second order filter reduces
the THD of the input current. Typically a resistor is connected in
parallel with the filter inductance to increase the input-stage
damping coefficient [19]. Twelve bidirectional switches are
required in the 3� 4MC to connect the three input terminals to the
four outputs. In this paper, the control systems required to regulate
the load voltages are analysed and extensively discussed.

The rest of this paper is organised as follow. In Section 2 the
proposed control system is extensively discussed. In Section 3
variable speed diesel generation systems are briefly discussed. In
Section 4 experimental results are analysed. Finally an appraisal of
the proposed control system is presented in the conclusions.

2. Proposed control system

Control systems based on synchronously rotating reference
frames are a standard method for the regulation of voltages and
currents in electrical machines and power converters. Using d-q
rotating frames, 3F voltages and currents are transformed into
dc signals for steady state operation. After the signals are
referred to the d-q frame, the design of the control loops is
straightforward and the required closed loop bandwidth is
usually achieved with simple compensators (in most cases PI
controllers are sufficient to obtain good dynamic response in the
whole operating range).

A conventional d-q control system for 4-leg MCs was discussed
in [10]. However this control system does not consider the regu-
lation of the negative and zero sequence component of the MC
output signals. Therefore this methodology is not appropriate for
voltage control when heavily unbalanced loads are fed by the
4-leg MC.

A Resonant Control (RC) system has been proposed in [7,20] for
4-leg power converters. Resonant controllers have some
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advantages and disadvantages when compared to d-q based
controllers. For instance a single RC per phase can be used to
regulate the positive, negative and zero sequence components of
the line to neutral load voltage. However, for the control of linear
unbalanced loads, the d-q system is more flexible because is rela-
tively simple to design controllers with different closed loop poles
for each sequence. This is an advantage in systems where the
negative and zero sequence impedances are not equal to the
positive sequence impedance [21] [22]. An additional advantage of
a d-q control system is obtained when the plant is fully decoupled
(i.e. no interaction between the d and q axis is produced). In this
case the same controller produces identical dynamic response
irrespective of the operating frequency. In this case only the
controller regulating the zero sequence component has to be
adjusted in order to eliminate the variable frequency homopolar
signals. Additionally, as stated before, it is relatively simple to
design controllers, with good dynamic response, in d-q rotating
frames.

In this paper, the application of d-q-0 controllers, composed of
d-q controllers to regulate the positive/negative sequence load
voltage, and a resonant controller to regulate the zero sequence
load voltage are discussed.

2.1. Symmetrical components

Assuming that the cross-coupling between the d and q axis are
compensated considering decoupling terms at the controller
outputs (see Section 2.3), the transfer function between theMC line
to neutral output voltage of phase a, and the corresponding load
voltages is:

GaðsÞ ¼ VaL

VaN
¼ RLa

s2RLaCf Lf þ sLf þ RLa
(1)

The transfer functions Gb(s) and Gc(s) are obtained by replacing
RLa with RLb and RLc respectively. Because of simplicity, a resistive
load is considered in (1). However the control systems discussed in
this work could be modified to regulate the voltages of loads with
inductive and capacitive power factors.

Fortescue in 1918 presented the concept of symmetrical
components [23]. As stated in his work, an unbalanced 3F system
can be represented as three balanced systems of positive negative
and zero sequence signals as:

2
4
VaL
VbL
VcL

3
5 ¼

2
64
VaL0 Vþ

aL V�
aL

VbL0 Vþ
bL V�

bL
VcL0 Vþ

cL V�
cL

3
75 (2)

where the super-scripts “þ” and “�” stand for positive and negative
sequences respectively. The sub-script “0” stands for the zero
sequence components. As shown in Fig. 3, the sequence compo-
nents can be represented as a system rotating counter-clockwise,
another system rotating clockwise and the three homopolar
Fig. 3. Fortescue decomposition. a) Unbalanced system. b) Equivalent systems with positiv
components which are of the same magnitude and phase. The
symmetrical components can be obtained as:
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Where a ¼ ej2p/3. Using (1), the load voltage can be written as:
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In steady state, assuming s ¼ juo (Fourier representation) and
using (3) in (4), balanced operation of the load voltage is obtained
when:
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where VaN0,Vþ
aN and V�

aN are the zero, positive andnegative sequence
components of the MC output voltage respectively. Equation (5)
shows that it is possible to synthesise a balanced load voltage even
when Ga(juo) s Gb(juo) s Gc(juo). However, because the transfer
functions G(juo) are load dependant, a control system is required to
regulate the 4-leg MC output, compensating for the load changes.

2.2. Control systems based on counter-rotating reference frames

The control system proposed in this work is shown in Fig. 4. The
matrix converter is connected to the unbalanced load through
a second order power filter. The MC output currents are measured
using Hall-effect transducers. These currents are required for the
4-step commutation method and to implement the overcurrent
protection system. Three Hall-effect voltage transducers are con-
nected to the MC output, for measuring the load voltage. Addi-
tionally, two voltage transducers are used to measure the input
voltage which is required in the SVM algorithm. The SVM algorithm
used in this work is presented in [14].

When an unbalanced load is connected to the MC output, the
voltages and currents can be referred to two rotating axes, rotating
clockwise and counter-clockwise respectively [22]. This is shown in
Fig. 5. The angle of the positive sequence d-q axis respect to the
stationary frame is qþe , and that of the negative sequence d-q axis is
q�e . The load voltage vector, referred to these axes, is obtained as:

vþdL ¼ vaLcos
�
qþe

�
þ vbLsin

�
qþe

�
(6)

vþqL ¼ �vaLsin
�
qþe

�
þ vbLcos

�
qþe

�
(7)

v�dL ¼ vaLcos
�
q�e

�
þ vbLsin

�
q�e

�
(8)
e, negative and zero sequence components obtained using the matrix T defined in (3).



Fig. 4. Control system proposed in this work.
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v�qL ¼ �vaLsin
�
q�e

�
þ vbLcos

�
q�e

�
(9)

where vaL, vbL are the a-b components of the load voltage. The
angles qþe and q�e are the angles of the axes rotating counter-
clockwise and clockwise respectively. Both angles are measured
with respect to the stationary frame. In this work it is assumed that
q�e ¼ �qþe and qþe ¼ qe (see Fig. 4).

As it is well known, negative sequence voltages produce
a double frequency signal in the positive sequence synchronous
rotating frame [24]. This double frequency signal might be elimi-
nated using a notch filter (see Fig. 4). In the Laplace domain this is
written as:
Fig. 5. The two counter-revolving synchronous rotating axes.
vþdLf ðsÞ þ jvþqLf ðsÞ ¼
h
vþdLðsÞ þ jvþqLðsÞ

i s2 þ 4u2
o�

s2 þ 4zuosþ 4u2
o
� (10)

where uo is the output frequency. Using the samemethodology, the
double frequency signal produced (by the positive sequence
voltage) in the negative sequence rotating frame could be elimi-
nated using [22]:

v�dLf ðsÞ þ jv�qLf ðsÞ ¼
h
v�dLðsÞ þ jv�qLðsÞ

i s2 þ 4u2
o�

s2 þ 4zuosþ 4u2
o
� (11)

Using (6)e(11) the control system shown in Fig. 4 could be
implemented. When two revolving axes are considered, the d-q
notch-filtered load voltages can be independently regulated. As
shown in Fig. 4, the references for the negative sequence d-q
voltage and the positive sequence quadrature voltage, are set to
zero.
2.3. Control system design for the regulation of the positive and
negative sequence components of the load voltage

A simplified block diagram of the control system is shown in
Fig. 6. The plant is represented in a-b coordinates. Because of the
notch filters, it is assumed that there is a negligible coupling
between the positive and negative sequence in the control system.
To design the controllers the plant has to be referred from a-b to d-q
coordinates In this work the frequency shifting property of the
Laplace transform is used [25], instead of the time based approach
presented previously in [26,27].

In Fig. 6 an mth order plant is assumed, with a transfer function
N(s)/D(s), with N(s) ¼ sn þ an�1 sn�1 þ an�2 sn�2 þ . a0. Similarly,



Fig. 6. Simplified block diagram used to refer the plant dynamic to deq coordinates.

Fig. 7. Control system in deq coordinates and including decoupling terms.
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the denominator can be written as D(s) ¼ sm þ bm�1 sm�1 þ
bm�2 sm�2 þ . b0. Therefore, using superposition the dynamic of
the system for the positive sequence signals is:

dn
�
vþdqe

jqe
�

dtn
þ an�1

dn�1
�
vþdqe

jqe
�

dtn�1 þ/a0
�
vþdqe

jqe
�

¼
dm

�
vþdqLe

jqe
�

dtn
þ bm�1

dm�1
�
vþdqLe

jqe
�

dtm�1 þ/b0
�
vþdqLe

jqe
�

(12)

The frequency shifting property of the Laplace transform is
represented by:

L
�
f ðtÞe�juet

�
¼ Fðsþ jueÞ (13)

where the symbol “L” represents the Laplace transform. Assuming
that ue ¼ dq=dt and restricting the order of (12) tom¼ 2 and n¼ 2,
without loss of generality, then (12) in the Laplace domain can be
written as:

h
ðsþ jueÞ2þa1ðsþ jueÞþa0

i
vþdq ¼

h
ðsþ jueÞ2þb1ðsþ jueÞþb0

i
vþdqL
(14)

Using (13) and (14) the plant in the stationary frame can be
referred to the positive synchronous rotating frame and vice versa.
Therefore, the transfer function of (1) can be referred to the positive
sequence rotating frame as:
GdqðsÞ ¼
vþdqLðsÞ
vþdqðsÞ

¼ RLa
ðsþ jueÞ2RLaCf Lf þ ðsþ jueÞLf þ RLa

¼ RLa

s2Cf Lf RLa þ
�
Lf þ 2jLf Cf RLaue

�
sþ

�
jueLf þ RLa � Cf Lf RLau2

e

� (15)
In d-q control systems, decoupling terms are usually added to
the controller output in order to eliminate the coupling between
the d-q axis in the transfer function of (15) (see Fig. 7). These terms
usually increase the bandwidth of the closed loop control system
and are considered important in systems where high dynamic
response is required [28,29].

The transfer function for the decoupling terms is plant depen-
dent. The transfer function DTþ(s) is calculated using Gdq(s) (see
(15)) and (1) as:
GdqðsÞ
1þ GdqðsÞDTþðsÞ

¼ GðsÞ ¼ RL
s2RLCf Lf þ sLf þ RL

(16)

Using (16) DTþ(s) can be calculated as:

DTþðsÞ ¼
�
2jCf Lfuesþ jLfue=Ra � Cf Lfu

2
e

�
vþdqL (17)

Because of the difficulties associated with the implementation
of a real time differentiation, the decoupling terms can be
approximated as:

DTþðsÞz
�
jLfue=Ra � Cf Lfu

2
e

�
vþdqL

�
s
�

(18)

After some manipulation it is relatively simple to demonstrate
that (18) can be simplified to:

DTþðsÞzjueLf i
þ
dqðsÞ (19)

Where iþdq is the MC output current referred to the positive
sequence d-q frame. In a 4-leg matrix converter the four output
currents (ia, ib, ic and in) are usually measured, because they are
required in the modulation algorithm to implement the 4-step
commutation method [15,17].

Using a methodology similar to that depicted in (14)e(19), and
using Lðf ðtÞejuetÞ ¼ Fðs� jueÞ, it could be demonstrated that the
compensation terms for the negative sequence control system are
approximated by:

DT�ðsÞzjueLf i
�
dqðsÞ (20)

The frequency response of the positive sequence transfer func-
tion vdqLðsÞ=v*dqLðsÞ (see Fig. 7) is shown in Fig. 8. For this graphic the
d-q controllers have been designed for a phase margin of 65� and
a bandwidth of about 80 Hz. For the plant the values of RL ¼ 10 U,
Cf ¼ 40 mF and Lf ¼ 4 mH have been considered. As shown in Fig. 8b,
the shape of the Bode response is significantly changed when the
decoupling terms of (19) are not considered and this affects the
bandwidth but also the phase margin of the open loop transfer
function. This has already been mentioned in [28,29].

Using the decoupling terms in the control structure of Fig. 4, the
positive and negative sequence controllers could be designed
considering a plant dynamic similar to that obtained in a-b coor-
dinates. In this case standard linear tools as for instance root locus



Fig. 8. Bode plot showing the magnitude vdqL
þ /vdqLþ* . a) Considering the decoupling

terms. b) Without considering the decoupling terms.
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could be used for design purposes. This is shown in Fig. 9 where
a digital controller is designed in the z-plane using root locus, in
order to regulate the positive sequence load voltage. For this case,
for the output filter the values of Cf¼ 40 mF and Lf¼ 4mH have been
considered. A delay of one sample time is considered to represent
the SVM algorithm. To consider the worst case situation, the
controller is designed when the output is feeding the second order
power filter only; therefore the output stage is operating with
almost zero damping (no resistive load is connected to the output).
A lead-lag network is added to the PI controller in order to obtain
damping coefficient above 0.6 for all the dominant closed loop
poles.
2.4. Control system to regulate the zero sequence load voltage

The homopolar components are not reflected in the rotating d-q
frames (they are eliminated by the a-b transformation). Therefore
the zero sequence voltage cannot be controlled using the rotating
frames shown in Fig. 4. In this work it is proposed to regulate the
homopolar components of the load voltage using a control system
implemented in the stationary frame.
Fig. 9. Root locus for the design of the positive sequence PI controller.
Because the zero sequence voltage is sinusoidal, standard PI
controllers cannot regulate this component with zero steady state
error. Therefore, resonant controllers are proposed in this appli-
cation. A single resonant controller, as the one labelled “RC” in Fig. 4
might be used to drive the zero sequence error to zero.

In the Laplace plane an RC is composed of a couple of purely
imaginary poles with a resonant frequency of uo, where uo is the
desired output frequency. In the s-plane, a typical resonant
controller has the transfer function [30,31]:

GcðsÞ ¼ Kc
s2 þ 2zunsþ u2

n

s2 þ u2
o

(21)

where Kc is the controller gain. In the numerator of (21), zeros
located close to the resonant poles, might be used to improve the
dynamic response. In the z-plane, the transfer function of the
resonant controller is [7]:

GcðzÞ ¼ Kcz
z2 þ a1zþ a2
z2 þ b1zþ b2

(22)

In this case the resonant poles are located along the unit circle
instead of the ju axis (as in the case of the “s” implementation of
(21)). In the frequency domain, the tracking error e(ju) is calculated
as:

eðjuoÞ ¼ V*
aLðjuoÞ

1þ GcðjuoÞSVMðjuoÞPlantðjuoÞ (23)

The operating principle of the RC is that jGcðjuÞj/N for
a frequency u ¼ uo (see (23)). Therefore the error calculated from
(23) is zero for a sinusoidal reference voltage (V*

aL) of frequency uo.
The resonant controller proposed in this work has to be

designed considering the zero sequence plant. The reference signal
for the zero sequence control system is set to zero. More informa-
tion about resonant controllers is elsewhere [7,28,30].

3. Variable speed diesel generation

Most diesel generation systems operate at constant rotational
speed due to the restriction of constant frequency at the generator
terminals. However, for light loads and rated speed operation, not
all the fuel is burned by the engine and this increases maintenance
costs [3,4,18]. Additionally, diesel engines have high fuel
consumption when operating at light and constant speed. In some
diesel generation systems a minimum load of about 40% is usually
recommended by the manufacturers [4].

To avoid this problem, the operation of variable speed diesel
engines have been reported in the literature. Themain advantage of
Fig. 10. Frequency distribution for a typical October (Spring season in the southern
hemisphere). The load is measured at "Villa Tehuelche", a small village in the Chilean
Patagonia.



Fig. 12. Experimental tests for a 3 kW, 1000 rpm diesel engine. a) Fuel consumption vs.
power for several rotational speeds. b) optimal speed power curve.

R. Cárdenas et al. / Renewable Energy 43 (2012) 343e353 349
variable speed operation is that the fuel consumption can be
substantially reduced. Moreover, the engine life is increased
because the diesel engine is run at low speed for light load,
reducing the overall thermal signature [18].

The advantages of variable speed generation can be further
explained using the load profile of a small rural village. In Fig.10 the
electrical load characteristics measured during October at "Villa
Tehuelche", a small village in Chilean Patagonia is shown. A fixed
speed diesel system is used to supply electricity to the village, during
partof theday (typically from6:30AMtoz12:000PM), thenominal
power of the diesel engine is about 115 kW, feeding approximately
35e40 households. During spring and summer, most of the time the
load is below 50% of the nominal value. The maximum load may
occur few times during the year, probably inwinter because electric
heating is required by the village inhabitants.

The load variation is not only dependant on the season of the
year. During day time there are also important fluctuations. This is
shown in Fig. 11. Fig. 11a shows the load variation on Sunday, and
Fig. 11b, shows the load profile for a Monday in mid September.
Considering the information depicted in Figs. 10 and 11 it is
concluded that the diesel generator is operating with light loads
during a substantial part of the time. Considering the typical low
efficiency of a diesel generator operating at light load nominal
speed [18], the operation of the system could be optimised if
variable speed operation of the engine is allowed. Moreover, if
a wind-variable speed diesel system is considered, further max-
imisation of the fuel saving could be achieved.

Fig. 12a shows the fuel consumption curves obtained experi-
mentally (in a project led by the authors) for a 3 kW, 220 V, 50 Hz
diesel engine, for six rotational speeds. According to Fig.12, at 1 kW,
there is z90% of additional fuel consumption when the system is
operated at 1300 rpm instead of 700 rpm. Fuel efficiency also
decreases when the power supplied by the DGS is increased
without increasing the rotational speed. Therefore any increase/
decrease in load power should be accompanied by and increase/
decrease in the rotational speed to improve the system efficiency.
From the fuel consumption characteristic of Fig. 12a, a continuous
function for the optimal curve in the power-rotational speed plane
for minimum fuel consumption can be obtained. This is shown in
Fig. 12b.
Fig. 11. Load characteristic measured in ("Villa Tehuelche"). a) Sunday 17th of
September. b) Monday 18th of September.
4. Experimental results

The control system of Fig. 4 was implemented in the 2.5 kW
experimental rig of Fig. 13. The SVM algorithm and proposed
control systems are implemented using a DSP based control
board and an FPGA, the latter implementing the four-step
commutation method [17] and providing the switching signals
for the IGBT gate drivers. The DSP board used in this application
is a high performance TI TMS320C6713, capable of a peak
performance of 1350MFLOPS. For data acquisition purposes two
external boards, with a total of 20 Analogue to Digital (ADC)
channels of 14 bits, 1 ms conversion time each, are interfaced to
the DSP. There are 4 Digital to Analogue (DAC) channels available
in these boards. Hall-effect transducers are used to measure the
input currents, input voltages and output currents. Anti-aliasing
filters are applied to the signals before being sampled by the
ADCs.

For the experimental tests involving frequency and voltage
variations at the MC input, a 5 kW, 2000 rpm Permanent Magnet
Generator (PMG) is connected to the 4-leg MC input. A commercial
inverter and a speed-controlled cage machine are used to drive the
PMG. In order to emulate a small diesel engine, the methodology
reported in [1,4] is used. The non-linear model of the diesel engine
used in this work, is reported in [4,32].

The emulation of the diesel engine or any other prime mover
(for instance a wind turbine) is controlled by sending a speed
reference signal to the commercial inverter. A high resolution
position encoder of 10.000 pulses per revolution is used to measure
the generator speed. At the matrix converter output a star-
connected three-phase load and a second order power filter are
connected. This output filter is used to reduce the harmonic content
in the voltages and currents. Unless otherwise stated, the sampling
time used by the SVM and control algorithm is 100 ms. In the
appendix, additional parameters of the experimental system are
presented.



Fig. 13. Experimental system.
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In Fig. 14, the load voltages for open loop operation of the
proposed generation system are shown. The system is operating in
steady state with a load current of 4 A (peak), when a load step is
applied to phase c, producing a noticeable reduction in the voltage
of that phase (see Fig. 14a). In Fig. 14b, the waveform corresponding
to VaLþVbLþVcL is depicted. As shown in this graphic, for open loop
operation, there is a relatively large zero sequence voltage at the
load, after the unbalanced step is applied.

In Figs. 15 and 16, the performance of the d-q-0 control system,
corresponding to a load step identical to that discussed previously,
is shown. The load step increases the current in phase c to 8 A. In
Fig.14b theMC neutral current is depictedwhich increases from0 A
Fig. 14. Open loop performance for an unbalanced load step in phase c. a) Load
voltages. b) Zero sequence components of the load voltage.
to 4 A due to the unbalance. In Fig. 14c the load voltages are shown.
Despite the relatively large variation in phase c, the control system
regulates the voltages with little variations. The negative and zero
sequence components of the regulated signals have been virtually
eliminated.
Fig. 15. Performance of the control system for a load step in phase c. a) Currents Ia, Ib
and Ic measured at the matrix converter output. b) Neutral current c) Phase to neutral
load voltages.



Fig. 16. Performance of the control system for a load connection/disconnection in
phase c. a) Voltage in phase a. b) Voltage in phase c. c) MC output current in phase c.

Fig. 18. Control system response considering the test of Fig. 17. a) Voltage transfer
ratio. b) Load voltage.

Fig. 19. Load step variation produced during a ramp speed change. a) Rotational speed.
b) MC output current. c) Load voltages.
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In Fig. 16 a similar test, but shown in a different timescale, is
shown. In this case the load step is applied to phase c in t z 1.75 s
and disconnected in t z 1.9. Fig. 16a and b show the voltage vari-
ations in phases a and c respectively (the modulus of the signal is
shown instead of the instantaneous values). As shown in these
graphics the voltage dip and overshoot are relatively small despite
the unbalanced load step applied to phase c (see Fig. 16c). The
waveform corresponding to the voltage in phase b is similar to that
shown in Fig. 16a.

The response of the proposed generation systemhas been tested
for variable speed operation of the PM generator. This is shown in
Figs. 17 and 18. In Fig. 17a the rotational speed of the PM generator
is depicted. The system is operating between z1100 rpm and
z1800 rpm. As expected, the phase to neutral input voltage has
identical waveform shape to the rotational speed (see Fig. 17c). In
Fig. 17b the input current is shown. Because the load power is
constant, the input current is proportional to 1/Vin (or 1/ur), as
shown in Fig. 17b.

Fig. 18 shows the voltage transfer ratio, defined as Vout/Vin
(Vout is the MC output voltage) and the phase to neutral load
voltage. As shown in Fig. 18a, the voltage transfer ratio is also
proportional to 1/Vin with a similar waveform shape to that of the
MC input current. Fig. 18b shows the load voltage, which is well
regulated despite the fast changes in the PM rotational speed.

The performance of the system considering a load step during
a fast ramp speed variation is shown in Fig.19. The speed is changed
Fig. 17. Variable speed operation of the system. a) Rotational speed. b) MC input
current. c)MC input phase to neutral voltage.
from 1200 rpm to 1800 rpm in 1.25 s. In t z 0.7 s a load step is
applied to phase a as shown in Fig. 19b. Before the step the MC
output current is about 3 A for all the phases. After the load step the
current in phase a is increased to about 6 A.

The load voltages are shown in Fig. 19c. Each phase to neutral
voltage is adjusted at 80 V. When the voltage step is applied the
voltage variations are negligible, showing that for even fast speed
variations the control system is able to maintain the voltage well
regulated.
Fig. 20. Phase and neutral currents at the MC output, considering load step variations
in two of the phases and variable speed diesel emulation.



Fig. 22. Voltage system response corresponding to the test of Fig. 20.

Fig. 21. Control system response corresponding to the test of Fig. 20. a) Input power, b)
Rotational speed.
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The performance of the system considering variable speed
diesel generation is shown in Figs. 20e22. A variable speed diesel
generator of 3 kW is emulated using the hardware-in-the-loop
methodology reported in [4]. An optimum power-speed curve,
similar to that shown in Fig. 12b, is stored in a look-up table and
used to determine the operating speed of the diesel engine. The
system is operating at about 1650 rpm when load step variations
are applied in two of the phases respect to the neutral point. This is
shown in Fig. 20 where the variation in the MC output currents is
depicted, including the neutral current which is increased to
compensate for the unbalance. Fig. 21a shows the average active
power. This value is measured at the PM generator terminals using
Hall-effect transducers. A second order filter is used to obtain the
low frequency component of the power which is shown in Fig. 21a.

Fig. 21b shows the rotational speed. After the load step, the
speed of the emulated diesel engine is increased to a new operating
point to minimise the fuel consumption. When the load is
disconnected, the engine is again moved to the previous operating
point.

Fig. 22 shows the load voltage waveform. Despite the load steps
and the variation in the input voltage and frequency produced at
theMC input, the load voltage is well regulatedwith a small dip and
overshoot produced when the load variation is applied to the
generation system.
5. Conclusions

In this work, a control system composed of d-q controllers
implemented in counter-rotating synchronous frames, to regulate
the positive and negative components of the load voltage has been
presented. The d-q control system is augmented with a resonant
controller which is designed to eliminate the homopolar voltage
components from the load.

The control system has been tested for highly unbalanced linear
loads, considering fixed and variable speed operation of the PM
generator connected at the MC input. The performance obtained is
considered appropriate.

The behaviour of the proposed generation system, considering
unbalanced load steps and the emulation of variable speed diesel
engines have been investigated in this work. In all the cases the
control system response have been appropriatewith a good settling
time and dynamic performance. The control system proposed in
this work is not computationally intensive and can be implemented
in a DSP platform operating with a relatively high sampling
frequency. Therefore the switching frequency is also relatively high
and the size of the input/ouput filters can be reduced.

Acknowledgements

This project has been funded by Fondecyt Chile, grant Nr.
1110984. The advice of Dr. Lee Empringham and Dr. Liliana de Lillo,
during the implementation of the experimental prototype used in
this work, is kindly acknowledged.

Appendix

Parameters of the experimental rig

Matrix converter. Input filter Lf ¼ 0.625 mH, Cf ¼ 2 mF, (delta
connected capacitors) Rf ¼ 100 U, four-step commutation method
implemented with a 0.7 ms for each step. Matrix converter
controlled with a 12.5 kHz switching frequency.

MC output filter. Output filter implemented with 4 mH induc-
tances and 40 uF capacitors.

Output load. The filter capacitors are connected in parallel with
a resistive load. In the experimental test, the load is implemented
using switchable resistor banks of 140 U per phase.

Permanent magnet machine. A “Control Techniques” PM
machine of 8 poles, 2000 rpm, 5 kW has been used in the experi-
mental tests related to variable speed operation.

Prime mover. The prime mover is a “Marelli” cage induction
machine, 2 poles, 2910 rpm, 5.5 kW, 380 V. A commercial inverter is
used for speed control purposes.
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