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Abstract — The current fuel crisis and environmental 
issues are boosting the role of renewable energies all 
around the world. Their growing importance makes it 
necessary to find ways to enhance the current solutions’ 
performance or find new, more attractive ones [1]. This 
paper proposes an alternative to the common power 
converters used in photovoltaic systems. 

The matrix converter has already been studied as a 
good solution on other renewable energy systems, such 
as wind energy [2]. Also many studies have already been 
made for DC/AC applications with successful results [3] 
[4] [5] [6], which suggest that photovoltaic applications 
are viable. 

Simulation tests show the performance of the 
proposed topology.  
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1 Introduction 
 

Being the Sun the highest power source known, 
photovoltaic energy is thought as being of high potential 
although the technology of the systems currently used 
offer limited efficiency (a maximum of 24% in 
laboratory environment, 15% in field applications) [1] 
[7]. Some of the efficiency lost is due to the converters 
currently used and the control systems to maximize the 
power input of the solar panel [1]. 

Matrix converters are a rather young technology, 
although studies have begun around the 70’s, but the 
potential of this topology is well known in the scientific 
community. Amongst the advantages there is the unit 
power factor and the reduction on size and weight due to 
the absence of large reactive components [2] [5]. Also 
the waveform and frequency from both sides of the 
converter are completely independent [3]. 

Although these advantages this technology is still 
mainly experimental, with very little market 
exploitation, due to their high prices [2].  
 

2 Photovoltaic System 
 

The photovoltaic system is composed of cells, made 
of silicon, that form modules and panels for bigger 
power generation. 

The cells, modules or panels can be represented by 
an equivalent electric circuit, as shown on Fig. 1 where 
IS represents the electric current generated by the solar 
radiation, ID is the diode current, I and V are the output 
current ant voltage. 

 
Fig. 1 – Equivalent electric circuit of a photovoltaic 

system [7] 
 
The diode current, ID, is given by (1) where I0 is the 

dark current and m is the diode ideality factor, VT is the 
thermal potential. 
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Substituting ID for (1), the output current, I, is equal 

to (2). 
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This gives us the current-voltage relation, I-V, of 

the photovoltaic system. The equation (2) is the 
mathematical model of the photovoltaic system. 

The I-V relation of a typical photovoltaic cell is 
shown on Fig. 2. This would be equivalent to a model or 
panel relation, on a smaller scale. 
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Fig. 2 – Typical I-V relation of a photovoltaic cell [7] 

 
The voltage and current outputs of a photovoltaic 

panel depend on temperature and solar radiation. 
Temperature affects both I0 and VT values and solar 
radiation affects IS. 

Modules and panels producers often indicate 
technical data, like power, voltage and current for some 
reference temperature, Tr (298,16ºK), and solar 
radiation, Gr (1000W/m2), values [7]. 

The relation between VT and temperature, T, is 
given by (3). With K being the Boltzmann’s constant 
(1,3805x10-23 Nm/ºK), q is the electron charge (1,6x10-19 
C) and T is the temperature (ºK). For Tr, VT  is equal to 
VT

r. 
 

q

KT
VT =       (3) 

 
I0 also varies with the temperature, according to (4) 

where ε is the band gap for silicon (1,10eV) and I0
r is the 

value in reference conditions [1] [7].  
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For modules and panels, m will not be the original 

value, as it depends on the number and type of cells the 
module is made off, and the number of modules if we are 
referring to a panel. 

With (3) and (4) it is now possible to understand 
the effect of temperature variation on the photovoltaic 
system, as illustrated by Fig. 3. 

 

 
Fig. 3 – Temperature variation effect on the I-V relation 

[7] 
 
The relation between IS and solar radiation, G, is 

given by (5) where IS
r is the value of IS in reference 

conditions [7]. 
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Equation (5) means that variations on solar 

radiation will also affect the output of the photovoltaic 
system, as shown on Fig. 4. 

 

 
Fig. 4 – Solar radiation variation effect on the I-V 

relation [7] 
 
Knowing the behaviour of the photovoltaic system 

we know what to expect from the simulation model, 
which will be important to analyse the simulation 
results.  
 

3 Matrix Converter 
 
3.1 Matrix converter topology 
 

The matrix converter is a direct frequency 
converter, able to perform AC/AC, DC/AC and DC/DC 
convertions. It uses bi-directional switches, with a switch 
connected between each input terminal to each output 
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terminal. This arrangement allows reverse power flow 
through the converter [5]. 

The AC/AC and DC/AC matrix converter structure 
is shown in Fig. 5. 

 

 
Fig. 5 – Basic topology of a AC/AC matrix converter (a) 

and reduced DC/AC matrix converter (b) [5] 
 
An important requirement in power converters is 

isolation between source and load. The previous 
converting solutions used reactive components that make 
the converter a bulky and heavy equipment. The solution 
on matrix converters is the use of filters [5]. In this paper 
a three-phase RLC filter was used for the AC circuit and 
a RL filter was used for the DC circuit. 
 
3.2 DC/AC matrix converter model 
 

To guarantee the matrix converter correct 
functioning there are certain topologic restrictions we 
need to attend. Having Fig. 5 as reference, there should 
always be one switch on the upper side (Sp) and one on 
the lower side (Sn) of the converter, turned on. But there 
can be no more that one because it would create a short-
circuit between two AC phases. 

Designating each switch as Sij, where i and j define 
the output/input phase of the converter. If the switch is 
off then Sij=0, if the switch is on then Sij=1. 

The matrix S (6) defines the estate of each switch 
and is part of the reason this converters are called matrix 
converters. 
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The relation between DC and AC voltage is (7). 
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And the relation for the currents is (8). 
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With (6), (7), (8) and the topologic restrictions in 

mind we can build Table 1. 
 

Table 1 – Matrix converter states, voltage and current 
relations 

nº S11 S12 S13 S21 S22 S23 VD VC VDC Ia Ib Ic 

1 1 0 0 0 1 0 va vb vab IDC -IDC 0 

2 0 1 0 1 0 0 vb va -vab -IDC IDC 0 

3 0 1 0 0 0 1 vb vc vbc 0 IDC -IDC 

4 0 0 1 0 1 0 vc vb -vbc 0 -IDC IDC 

5 1 0 0 0 0 1 va vc -vca -IDC 0 IDC 

6 0 0 1 1 0 0 vc va vca IDC 0 -IDC 

7 1 0 0 1 0 0 va va 0 0 0 0 

8 0 1 0 0 1 0 vb vb 0 0 0 0 

9 0 0 1 0 0 1 vc vc 0 0 0 0 

 
This table will be the base for the matrix converter 

system. 
 

4 Control 
 

Nowadays the most used control technique is the 
space vector modulation. This technique allows a space 
representation of the 9 states of the DC/AC converter. 

The Concordia transformation is used to convert 
the three-phase voltage system in an equivalent voltage 
system (9), [2]. 
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The equivalent voltage system is defined by (10), 

[2]. 
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The homopolar voltage, v0, is null. We can 

represent vα and vβ by their module and argument as 
shown on Table 2, which allows us to represent them as 
vectors on the α-β plane. 

 
Table 2 – Module and argument of each vector on the α-

β plane  

Estado V0 δ0 

1 vab -30º 
2 -vab -30º 
3 vbc 90º 
4 -vbc 90º 
5 -vca 30º 
6 vca 30º 

7 0 - 
8 0 - 
9 0 - 

 
Fig. 6 represents the space vectors in Table 2 on the 

α-β plane. 
 

 
Fig. 6 – Space vectors on the α-β plane 

 
The control of the matrix converter is made by 

selecting the vector that instantly best suits the system 
requirements.   

There are two control specifications on the 
application of the matrix converter in photovoltaic 
systems. 

• Maximum photovoltaic panel power 
output control, better known as MPPT – 
Maximum Power Point Tracker; 

• Unitary power factor control on the input 
AC currents. 

To satisfy both specifications we need two 
independent control systems, whose signals can be 
combined in a single control signal. 
 

4.1 MPPT – Maximum Power Point Tracker 
 
MPPTs are common on photovoltaic systems. The 

typical MPPTs are usually hard processing units 
(computers or microprocessors). These are expensive 
equipments and usually introduce delays on the system. 

In this paper a different type of MPPT is used, 
already introduced in some other works. This type is 
based on power differentiation. 

We know the relation between power, voltage and 
current (11). 

 
VIP =                   

(11) 
 
If we choose to make the derivative of power, P, in 

respect to the current, I, we have (12), [1]. 
 

dI

dV
IV

dI

dV
IV

dI

dP
−=⇔=+⇔= 00              

(12) 
 
If we consider that voltage and current variations 

are small on small time intervals, which is reasonable 
since solar radiation and temperature varies slowly in 
small time intervals, then (12) is approximately equal to 
(13), [1]. 
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This MPPT deals with simple calculations only, 
which reduces expenses on the processing equipments. 

The MPPT allows us to determine a control signal, 
SP, that will enable us to control the photovoltaic panel 
in order to achieve the maximum power point, the 

relation between SP and 
dI

dP
is defined in (14). 
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The control of 
dI

dP
 cannot be made directly, it is 

only possible to control it by activating the switches of 
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the matrix converter which means that we can only 

control
dt

dI
.   

In Fig. 7 we can see the typical P-I relation, where 
Pmax marks the maximum power point on the curve. 

 

 
Fig. 7 – Typical P-I relation of a photovoltaic panel. 

 

As we can see on Fig. 7, if 0
dI

dP
<  then we need  

0
dt

dI
>  to reach Pmax, and vice-versa.  

If we consider the photovoltaic system as the 
source, which means the current flows from the 
photovoltaic system to the electric network, then to 
increase the current, I, we need to have VDC > VAC, and 
to decrease we need VDC < VAC. This means that the 
same vector can have different results, depending on the 
value of VAC at that instant. 

It becomes necessary to know the AC voltage value 
range. To do so we divided the voltage period of the 
composed network voltages in 12 zones with the same 
value ranges, Fig. 8. 

 

 
Fig. 8 – Voltage period division in 12 zones 

 
Considering a photovoltaic panel with maximum 

voltage below 300V and the electric network of 230V, it 
is possible to create Table 3 with Fig. 8 and (14), where 
“x” represents the cases where it is impossible to 
determine the state vector effect because the AC voltage 
value can be either higher or lower than the DC voltage 
value. 

 

 
 
 
 
 
 

Table 3 – Space vectors effect on the photovoltaic system 
output current, for each voltage zone 

 
 

For each voltage zone there is always more than 
one vector for each current operation. 

With Table 3 we can now control the photovoltaic 
system to provide its maximum power. 

 
4.2 Unitary power factor control 

 
To guarantee unitary power factor we have to 

control the matrix converter output currents so that they 
are alternated sinusoidal and that they are in phase with 
the voltage. 

To do so, we use the Blondel-Park transformation 
(15) on the α and β components of the output currents 
(16), [2]. 
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The homopolar current, i0, is null in both (d,q,0) 

and (α,β,0) systems. We can determine iα and iβ with the 
Concordia transformation (17), [2]. 
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If we define the electric network voltages as (18) 

and consider θ = ωt then we can say that, to achieve 
unitary power factor, we need to have iq = 0 [2]. 
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It is possible to represent the (d,q,0) current system 

in the α-β plane, however the representation will vary 
with the voltage zone, Fig. 9, [2]. 

 

 
Fig. 9 – d axis location on the α-β plane for each voltage 

zone 
 

The q axis will be orthogonal to the d axis, so we 
are also able to know the q axis location on the α-β plane 
for each voltage zone. 

To have iq = 0 we have to choose the space vector 
that will be nearest to the q axis. 

 
Table 4 – Space vectors effect on the iq current 

component, for each voltage zone 

 
 

We can define a control signal, SQ, that enables us 
to control iq. The relation between SQ and iq is (19). 
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Both SP and SQ were determined using the slide 
mode control. 

 
5  Simulation 

 
The simulation model was developed in 

Matlab/Simulink, with resorting to the 
SimPowerSystems tool. 

Many simulations were made using time-constant 
input data. For instance, with (20) where Ron is the 
equivalent switch conduction resistor. 
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We obtained (21). 
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(21) 
 
For this case, the input currents waveform are as 

showed in Fig. 10. 
 

d 

Zone 1 and 12 
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Fig. 10 – Electric network input currents waveform. 

 
For obvious reasons, it was impossible to show all 

the simulation results. 
The most important simulations, though, were 

made to emulate temperature and/or solar radiation 
variations along a simulation day. 

 
5.1 Solar radiation variation 
 

To simulate solar radiation variations we have to 
vary IS, (5). The chosen IS input signal is showed on Fig. 
11 while the remaining values are equal to (20). 

 
Fig. 11 – Input signal 

 
The results are showed on Figs. 12 and 13. 
 

 
Fig. 12 – IDC, up, and VDC, down 

 
In Fig. 12, the results are very similar to what was 

theoretically expected. 
 

 
Fig. 13 – Photovoltaic system output power, pink, and 

electric network input power, yellow 
 
In Fig. 13, we can watch the decrease of efficiency 

for higher solar radiation values. 
Both figures show that this model has a behaviour 

similar to what would be expected in these situations, as 
previously showed in Fig. 4. 

 
5.2 Temperature variation 

 
To simulate temperature variation we have to vary 

both VT and I0, following (3) and (4). The chosen input 
signals are showed on Figs. 14 and 15 while the 
remaining values are equal to (20). 
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Fig. 14 –VT input signal 

 

 
Fig. 15 – I0 input signal 

 
The results are showed on Figs. 16 and 17. 
 

 
Fig. 16 – IDC, up, and VDC, down 

 
In Fig. 16, the results are very similar to what was 

theoretically expected. 

 
Fig. 17 – Photovoltaic system output power, pink, and 

electric network input power, yellow 
 
In Fig. 17, we can watch that, although there is a 

decrease of efficiency for higher temperature values, it is 
much more slightest than what we could observe in Fig. 
13. 

There is much more signal distortion on Fig. 17 
than on Fig. 13. In fact, temperature variations cause 
more dramatic VDC variations which induces more 
distortion on the output currents. 

Both figures show that this model has a behaviour 
similar to what would be expected in these situations, as 
previously showed in Fig. 3. 

 
5.3 Temperature and solar radiation variation 
 

This simulation pretends to demonstrate what 
would be the system behaviour during a standard day. 

All values are equal to (20) except IS, VT and I0. 
The input signals are showed on Figs. 18 and 19. 

 

 
Fig. 18 – IS, up, and VT, down, input signals 
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Fig. 19 – I0 input signal 

 
The results are showed on Figs. 20 and 21. 
 

 
Fig. 20 – IDC, up, and VDC, down 

 
In Fig. 20, we can see something like a crossing 

between Figs 12 and 16. With both strong current and 
voltage variation. 

 

 
Fig. 21 – Photovoltaic system output power, pink, and 

electric network input power, yellow 
 
In Fig. 21, also shows a crossing between Fig. 13 

and Fig. 17. The system is more efficient that that on the 
first simulation but also has more signal distortion, due 
to stronger DC voltage variations. On the other hand, it 
is less efficient than the second simulation results, but 
has less distortion. 

It is important to understand that, in these cases, 
power behaviour depends strongly on the system input 
values. 

In Fig. 22 we can observe the power behaviour for 
different input values, same waveforms but different 
amplitudes. 

 

 
Fig. 22 – Photovoltaic system output power, pink, and 

electric network input power, yellow 
 
We can still observe the crossing between Fig. 13 

and Fig. 17, the system seems to be about as efficient as 
the first simulation and with about as much distortion. 

But the major difference is the fact that the power 
waveform is not similar which makes it difficult to 
predict power behaviour in these cases. 
 

6 Conclusions 
 

By observation of the simulation results we can 
conclude that the simulation model is adequate to the 
study of the application of matrix converters in 
photovoltaic systems. 

The result of the example time-constant input data 
simulation shows both good efficiency and harmonic 
distortion performance. 

The results of time-variant input data simulations 
show good efficiency performance although we can see 
in some of these simulations some undesired harmonic 
distortion. However this can be rather easily eliminated 
resorting to additional filters. 

The matrix converter appears to be a good 
alternative in these applications, not only for their good 
performance but also because of the advantages matrix 
converter technology bring, like the reduced size of the 
power converter. The biggest disadvantage is still the 
expensive cost of this solution. 

 
7 Nomenclature 

 
ID    Diode Current   

 [A] 
I0    Dark Current    [A] 
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m   Diode Ideality Factor 
VT    Thermal Potential   [V] 
V        Photovoltaic System Output Voltage [V] 
I Photovoltaic System Output Current [A] 
IS Solar Radiation Generated Current [A] 
T Absolute Temperature               [ºK] 
Tr   Reference Absolute Temperature  (298,16ºK) 
G Solar Radiation          [W/m2] 
Gr Reference Solar Radiation          

(1000W/m2) 
K Boltzmann’s Constant   (1,3805x10-

23Nm/ºK) 
q Electron Charge   (1,6x10-

19C) 
ε Silicon Band Gap         (1,10eV) 

r
TV      Thermal Potential at Tr  

 [V] 
r
0I       Dark Current at Tr   [A] 
r
SI       Solar Radiation Generated Current at Tr [A] 

C      Concordia Transformation Matrix 
PB      Blondel-Park Transformation Matrix 
VDC     Matrix Converter DC Input Voltage [V] 
IDC    Matrix Converter DC Input Voltage         

[A] 
PDC    Matrix Converter Input Power               

[W] 
Ron         Switch Conduction Resistor             

[mΩ] 
IACrms   Matrix Converter Output RMS Current    

[A] 
PAC    Matrix Converter Output Power 

 [W] 
η         Convertion Efficiency   [%] 
THD   Total Harmonic Distortion  [%]       
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