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ABSTRACT 
This paper presents a MATLAB/Simulink model for a 
3-pole radial magnetic bearing system that is fed by a 
matrix converter (MC). The active magnetic bearings 
(AMBs) system model that is studied here is shown and 
tested in [1] using a simplified inverter model, so that 
the main contribution of this paper lies in the 
simulation, study and analysis of the AMBs 
performance under a MC supply. In order to achieve 
this objective, a more complex inverter model, 
including the rectifier stage, and a MC model are 
implemented, analysed and compared in conjunction 
with the bearings. Results from models described in [1] 
are taking into consideration in order to verify the new 
models performance. 
 
 
INTRODUCTION 
In recent years energy storage flywheels have found 
wide applications in many areas such as uninterruptible 
power supplies (UPS), systems for power quality in 
power networks, improvement of the performance in 
wind generation systems and to avoid electric 
consumption peaks in high speed railway substations. 
      Moreover flywheels promise an alternative to 
chemical batteries for space systems like artificial 
satellites because of their higher efficiency in terms of 
energy per mass and volume, and have become an 
important area of research for use in electric/hybrid 
vehicles. 
      Main advantages of this technology are high energy 
density, long life, 90% depth of discharge and pulse 
power capability. 
      Due to high rotation speed, energy flywheel systems 
use AMBs to provide non-contact suspension, which is 

necessary to minimize the friction losses and to achieve 
long life and maintenance free systems. 
      Most of the magnetic radial bearings use the 8-pole 
arrangement because the magnetic flux coupling effects 
are neglected with this structure. However the 8-pole 
arrangement imposes the use of at least four 
independent power amplifiers, one for each pair of 
poles, and has the disadvantage of large energy losses. 
In present paper a 3-pole radial magnetic bearing is 
considered [1]. The 3-pole arrangement has the 
advantage of lower power losses, inferior number of 
power amplifiers and much more space for heat 
dissipation and to place coils and sensors [2, 3]. 
      3-pole radial magnetic bearing system can be 
powered by means of an ordinary 3-phase bridge 
inverter [4]. In case of a low cost solution this can be 
the most efficient design at present; nevertheless new 
and more optimized power converter families are being 
developed nowadays. These new converter families can 
contribute their performance improvements to the 
operation of the energy storage systems presented here. 
      One of these, more optimized, power converters is 
the MC. In general, a MC is a direct AC-AC power 
converter that consists of an array of n x m bidirectional 
power switches, so that any output phase can be directly 
connected to any input phase, at any time [5]. The main 
characteristics of a MC are [6]: Direct AC-AC 
polyphase power conversion, inherent bidirectional 
power flow capability, input/output senoidal waveforms 
with variable output voltage amplitude and frequency, 
input power factor control despite the load in the output 
side and a simple and compact power circuit because of 
the elimination of bulky and non-fault-tolerant reactive 
elements. These are the reasons why this topology is 
being thoroughly studied nowadays, trying to enter the 
market as an alternative or improved choice to the well 
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known dc-link voltage source inverters (VSI). MC 
presents some limitations too. Perhaps, the most 
important is the voltage transfer ratio limitation, with a 
maximum value of 0.86 [7]. Besides, the direct 
connection between output and input causes a great 
sensibility to grid distortions. This problem, as well as 
the large number of semiconductor devices in the power 
stage, the complexity of the modulation algorithms or 
the correct commutation between the bidirectional 
switches [8], has been partially or totally overcome in 
recent years [9, 10]. 
      This paper analyses the feasibility of the utilization 
of a MC powering a 3-pole AMBs system, which is part 
of a kinetic energy storage system. 
 
 
SYSTEM DESCRIPTION 
Although this paper analyses simulation models, 
physical and electrical parameters concerning a real 
prototype have to be taken into consideration for a 
future comparison when a MC prototype is finished. 
      Figure 1a shows the real kinetic energy storage 
system overview, and the radial magnetic bearing 
system can be observed in Figure 1b. System described 
in Figure 1b is that which will be simulated and 
analysed in conjunction with its control and the MC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1: a) System overview (1-Radial AMB, 2-
Flywheel, 3-Frame, 4-Air turbine) b) 3-Pole Radial 

Magnetic Bearing (1-Coil, 2-Magnetic core). 
 
 
 
      Physical implementation includes a 3-phase dc link 
VSI, with a 125 Vdc bus to power the three coils. It can 
provide up to 40A in order to get about 800N force. The 
flywheel weighs 30 kg and it uses an air-turbine to 
move the shaft, but a reluctance motor is considered to 
be connected to the system in order to reach 10.000rpm 
when it will work like a generator. 
 
 

FIGURE 2: Three phase Matrix Converter 
 
 
MATRIX CONVERTER FUNDAMENTALS 
MC consists of an array of bidirectional switches that 
connects directly the load to the source. The most 
common studied matrix structure is that formed by nine 
bidirectional switches in a 3x3 array [11]. A basic 
structure of the power circuit in a MC is presented in 
Figure 2. This figure shows the bidirectional switch 
matrix, including a possible real implementation of the 
bidirectional switches [12], and an input filter for 
smoothing source currents. 
      The converter is completed with the control stage, 
which generates, and applies in a safe way, the correct 
control signals to the power switches in order to obtain 
the desired output voltage and input current waveforms. 
As far as the model is concerned, the control stage will 
be represented by the implementation of 9 switching 
functions (1) for the ideal bidirectional switches in 
Figure 2. 
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      The mathematical expressions that represent the 
basic operation of the MC are obtained applying 
Kirchhoff’s voltage and current laws to the switch array 
(2, 3): 
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      Where va, vb and vc are the output phase voltages, 
and iA, iB and iC represent the input currents to the 
matrix. 
      The output voltage is directly constructed switching 
between the input voltages and the input currents are 
obtained in the same way from the output ones. 
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For these equations to be valid, next expression has to 
be taken into consideration: 
 
 

{ }cbajSSS CjBjAj ,,, 1 ==++                 (4) 
 
 
      What this expression says is that, at any time, one, 
and only one switch must be closed in an output branch. 
If two switches were closed simultaneously, a short 
circuit would be generated between two input phases. 
On the other hand, if all the switches in an output 
branch were open, the load current would be suddenly 
interrupted and, due to the inductive nature of the load, 
an over voltage problem would be produced in the 
converter. This is the reason that makes it necessary to 
implement commutation methods [13] that allow the 
current to be commutated safely between the different 
IGBTs within real bidirectional switches. 
 
Matrix Converter Modulation 
MC is controlled (modulated) by means of selecting an 
appropriate set of switching functions (1), in such a way 
that the output voltages and input currents reach the 
values chosen by the user or by a reference. Many 
methods have been reported [6, 9, 14, 15]: Venturini 
(and optimized), indirect, scalar methods... This paper 
focuses on the direct space vector modulation (DSVM) 
method. 
 
Direct Space Vector Modulation Algorithm. DSVM 
algorithm uses 21 of 27 possible states that can be 
generated by the matrix of bidirectional switches. These 
states are presented in Table 1. 
      Output voltage and input current space vectors form 
two hexagons that limit any possible reference vectors 
to be generated by the MC, as can be seen in Figure 3. 
 
 

 
FIGURE 3: Output voltage and input current space 

vector hexagons. 
 
 
 
 

TABLE 1: Switching states and vectors used in DSVM 

MC State Switches on ov
r

       ov
r

∠  ii
r

       ii
r

∠  

ABB   +1 SAa SBb SBc 2/3 vAB 0 2/√3 ia -π/6 
BAA    -1 SBa SAb SAc -2/3 vAB 0 -2/√3 ia -π/6 
BCC   +2 SBa SCb SCc 2/3 vBC 0 2/√3 ia π/2 
CBB    -2 SCa SBb SBc -2/3 vBC 0 -2/√3 ia π/2 
CAA   +3 SCa SAb SAc 2/3 vCA 0 2/√3 ia 7π/6 
ACC    -3 SAa SCb SCc -2/3 vCA 0 -2/√3 ia 7π/6 
BAB   +4 SBa SAb SBc 2/3 vAB 2π/3 2/√3 ib -π/6 
ABA    -4 SAa SBb SAc -2/3 vAB 2π/3 -2/√3 ib -π/6 
CBC   +5 SCa SBb SCc 2/3 vBC 2π/3 2/√3 ib π/2 
BCB    -5 SBa SCb SBc -2/3 vBC 2π/3 -2/√3 ib π/2 
ACA   +6 SAa SCb SAc 2/3 vCA 2π/3 2/√3 ib 7π/6 
CAC    -6 SCa SAb SCc -2/3 vCA 2π/3 -2/√3 ib 7π/6 
BBA   +7 SBa SBb SAc 2/3 vAB 4π/3 2/√3 ic -π/6 
AAB    -7 SAa SAb SBc -2/3 vAB 4π/3 -2/√3 ic -π/6 
CCB   +8 SCa SCb SBc 2/3 vBC 4π/3 2/√3 ic π/2 
BBC    -8 SBa SBb SCc -2/3 vBC 4π/3 -2/√3 ic π/2 
AAC   +9 SAa SAb SCc 2/3 vCA 4π/3 2/√3 ic 7π/6 
CCA    -9 SCa SCb SAc -2/3 vCA 4π/3 -2/√3 ic 7π/6 
AAA   01 SAa SAb SAc 0 - 0 - 
BBB    02 SBa SBb SBc 0 - 0 - 
CCC    03 SCa SCb SCc 0 - 0 - 

 
 
      Output voltage reference, vo, as can be observed in 
Figure 4, is split along the nearest active vectors within 
its sector. Furthermore, input current reference vector, 
iin, direction is imposed to be the same as the input 
voltage vector one. According to this combination of 
input current and output voltage reference vectors 
location, Table 2 presents the group of four active 
vectors that have to be applied on each commutation 
period, Ts, so that it is possible to modulate the input 
current and the output voltage at the same time. 
 
 

ini 
r

β

αv

βv ov
r

α inv 
r

iαiϕ

 
FIGURE 4: Output voltage and input current reference 

space vectors 
 
 
      Duty cycles expressions for each MC state to be 
applied along Ts according to Table 2, are obtained in 
(5) from output voltage and input current reference 
space vectors location (sector and phase angle measured 
from the bisecting line within the corresponding sector). 
The modulation period is completed using zero vectors. 
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TABLE 2:  Active vectors groups for each Ts 
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      Where Kv and Ki are the sectors where reference 
vectors are located, q is the voltage ratio, α and β are 
the phase angle within the sectors and ϕi is the 
displacement angle between input voltage and current 
space vectors. 
 
Switching Strategies. Switching strategies deal with 
the switching configuration sequence, that is, the order 
in which the active and zero vectors are applied along 
the commutation period. The three possible zero 
configurations that can be applied produce two degrees 
of freedom in order to complete the zero state switching 
time. In this paper the asymmetrical space vector 
modulation (ASVM) [10] is implemented.  
      The ASVM uses only one of the three zero 
configurations in the middle of the sequence so that 
minimum switch commutations are achieved between 
one MC state and the next one. Using this technique the 
switching commutations are up to 8 for each 
commutation period and this way switching losses are 
minimized. 
      For example, considering both output voltage and 
input current reference vectors located in sector 1 within 
their respective hexagons, it can be seen that this is the 
only possible double-sided sequence that can be 
generated for ASVM technique: 

ASVM 
ACC-AAC-AAA-AAB-ABB | ABB-AAB-AAA-AAC-ACC 

 
      The zero MC state to be applied is defined in terms 
of the reference vectors location, as it can be seen in 
Table 3. 
 
 

TABLE 3: Zero Configurations for ASVM 

irefi
r

 orefv
r

 

1, 2, 3, 4, 5 or 6 
1 or 4 AAA 
2 or 5 CCC 
3 or 6 BBB 

 
 
SYSTEM MODELLING 
Figure 5a shows a general block diagram for the whole 
system to be modelled and 5b its corresponding 
Simulink implementation. The three main parts of the 
system can be observed in these diagrams; the 3-pole 
AMBs model, the control scheme and the power 
converter, which is in charge of the supply of the correct 
voltages to the bearings from the references generated 
by the control stage. 
 
 

 
FIGURE 5a: System modelling block diagram 
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FIGURE 5b: Simulink model of the system 

 
 
      The 3-pole AMBs model is described in detail in 
[1]. Basically, the model works in order to obtain the 
right currents in the coils, that is, the correct forces on 
the rotor, so that the position references are achieved. 
These currents are obtained from bearing voltages, 
which are generated by the power converter for a given 
set of input voltage references that are obtained from the 
current control. Equations that describe the model of the 
bearings are those related to an RL load, but with 
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inductances that are calculated in terms of a non-
constant in time air gap that depends on the rotor 
position (x,y), which are defined in Figure 6. 
      A radial force disturbance that represents the 
centrifugal force acting on the rotor because of the 
angular speed is applied to the AMBs model. This 
disturbance is simulated as a sine which is subtracted 
from x component of the force to be applied in the coils, 
and a cosine that is applied to the y component. Both 
disturbance components are simulated increasing their 
frequency and amplitude in terms of the angular speed 
for the start up process, and maintaining these variables 
for the permanent operation. 
      Due to the nonlinearity of the relationship between 
forces that have to be applied in the load, and the 
magnetic fluxes generated by the coils, a feedback 
linearization has to be used. This way a simple PID 
control can be applied for the position control. 
 

 
FIGURE 6: Magnetic circuit of the 3-pole AMB 

 
 
Power Converter Modelling 
As it was described before, this paper focuses on the 
power converter that has to provide the correct voltages 
to the bearings model. A simple model for a VSI 
inverter is used in [1] in order to test the control and the 
AMBs model. This model outputs two different constant 
voltages, Vbus or –Vbus in terms of a comparison 
between a triangular wave and the reference voltages. 
 
Voltage Source Inverter Model. In order to analyze 
the currents in the grid side of the converter, a more 
comprehensive model has to be implemented. Rectifier 
diode-bridge, IGBT-bridge or the DC bus models are 
implemented using the SimPowerSystems toolbox in 
Simulink, as it can be seen in Figure 7. Power devices 
are considered almost ideal in this first approach. 
Observable variables in the simplified model are proved 
to be absolutely consistent with this less simplified 
model. 
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FIGURE 7: VSI Simulink model 

 
Matrix Converter Model. Simulink model for the MC 
can be seen in Figure 8. The MC array is modelled 
using ideal (bidirectional) switches. This way, no 
commutation strategy is necessary to be simulated in 
order to achieve a safe commutation between 
bidirectional switches. These switches are activated by 
nine control signals that are generated by the DSVM 
algorithm. In order to compare input currents between 
models, and for the simplicity of the whole model, no 
input filter has been added, although its utilization with 
a MC is imperative in order to smooth the obtained 
currents. 
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FIGURE 8: Matrix Converter Simulink model 

 
 
      DSVM algorithm model is shown in Figure 9. First, 
the associated voltage space vector for the voltages to 
be applied to the AMBs (output of the converter) has to 
be calculated using (6). The input current reference 
space vector is calculated from the grid voltages, 
imposing an input displacement factor equal to 0. Then 
duty cycles for active and zero vectors are calculated 
according to (5). Afterwards, active and zero vectors are 
organized within each commutation period according to 
Tables 2 and 3. Finally the MC nine control signals are 
obtained from a list that includes all the MC states and 
their corresponding switching functions. 
 
 

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
⋅+⋅+=

ππ
3

4
3

2

3
2 j

c
j

ba exexxx
r

    (6) 

 
 

－522－



 
 

1
Sij

vMB ref
Sector vMB

th_o
Vo

vMB Space Vector Reference
Angle & Sector number

[Sv]
sv

[Si]
si

Triangular

[Sv]
Sv 

[Si]
Si 

tri 

Sv

Si

Tn

MC state

PWM
ASVM

d Sij

MC
possible

states
v grid

fi in

th_i

Sector i_in

Input Current
Space Vector Reference
Angle & Sector number

th_o
Vin
Vo
th_i
fi_i

d I
d II
d III
d IV
d o

Duty Cycles
calculation4

fi_in

3
V grid

2
v grid

1
vMB ref

 
FIGURE 9: Modulation algorithm Simulink model 

 
 
RESULTS AND DISCUSSION 
Comparison between simulations for the power 
converter models described above is presented next. 
Input voltage to the power converter is set to 90Vrms L-L, 
as in the real flywheel prototype. The commutation 
frequency for PWM in the VSI and for the DSVM in the 
MC is chosen to be 10 KHz. 
      Simulations are carried out as follows. Initial 
condition for the rotor position is: x0=1e-3m, y0=-1e-
3m. No radial disturbance is applied until t=0.1s, so 
flywheel is taken into equilibrium before starting to 
rotate. In t=0.1s disturbance is activated. Its frequency is 
increased until 167Hz, that is, until 10020rpm, when 
t=0.3s is reached. From t=0.3s disturbance is maintained 
in frequency and amplitude. 
      Figure 10 shows the currents in the 3-pole AMB 
system obtained from the VSI and from the MC. 
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FIGURE 10: Currents in the coils for MC and VSI 

 
 
      As a consequence of these currents, x and y position 
magnitudes of the rotor are obtained in Figures 11 and 
12. The flywheel starts its operation in a disequilibrium 
position (x=1e-3m and y=-1e-3m). It can be seen that 
the rotor is nearly stabilized by t=0.1s. It is then when 
the disturbance starts. Control parameters can be 
optimized in order to optimize transient responses. 
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FIGURE 11: Flywheel position component x 
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FIGURE 12: Flywheel position component y 

 
 
      Due to the different power converter used in order to 
feed the 3-pole AMBs system, different waveforms for 
the grid currents are obtained. Source current for VSI 
can be seen in Figure 13, and the MC input current can 
be observed in Figure 14. 
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FIGURE 13: Input current for the MC 
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FIGURE 14: Input current for the VSI 

 
 
      FFT for currents presented in Figures 13 and 14 are 
shown in Figures 15 and 16. A zoom for both figures 
considering frequencies below 15 KHz is shown in 
Figure 17. 
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FIGURE 15: Input current FFT for the VSI 
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FIGURE 16: Input current FFT for the MC 
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FIGURE 17: Input current FFT zoom for VSI and MC 

 
 
      Finally, Figure 18 presents input voltage (rescaled) 
and the filtered source current for the MC in phase A, 
using a cut off frequency of 1KHz. 
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FIGURE 18: MC input current and voltage (rescaled) 

 
 
      Figures 10, 11, and 12 show clearly that both VSI 
and MC models work just in the same way as far as the 
AMBs system model is concerned. Equivalent currents, 
and then, the same position controls are obtained using 
both power converters. This way, the flywheel is 
equally controlled using either the MC or the VSI. It is 
able to supply voltages that are built in a very different 
way, to the AMBs model. 
      Main differences are presented for the current in the 
input side of the converters. The MC input current is 
built commutating directly between the output currents, 
because its direct link between the input and the output. 
Figure 15 and 16 show the FFT for both input currents. 
Although commutation frequency harmonics are quite 
higher in the MC current, it can be seen that 
components between fundamental and commutation 
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frequencies are negligible. This range of frequencies is 
just the same where VSI input current harmonics are 
much higher. This fact is clearly presented in a zoom of 
the FFTs in Figure 17. 
      Besides, the MC modulation algorithm model, the 
DSVM, is proved to work just as it was configured to 
do. Without an input filter, the input zero displacement 
angle reference is totally achieved, as it can be observed 
in Figure 18. At the same time, it provides the 
referenced output voltages to be applied to the AMBs 
model. 
 
 
CONCLUSIONS 
Taking into consideration the results presented above, 
the feasibility of the MC model in conjunction with the 
AMBs system model is proved. No differences are 
appreciated in the control of the flywheel variables in 
terms of the power converter. 
      FFT analysis shows that input filter design is much 
easier, more effective and cheaper to be implemented 
for the MC. The relationship between the whole system 
and the grid is clearly improved. This important 
advantage, as well as the robustness and the flexibility 
of the MC in contrast to the VSI, makes it a new 
solution to be considered in the future for these kind of 
power applications. 
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