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Abstract—Electric Vehicles (EVs) are increasingly used
nowadays, and different powertrain solutions can be adopted. This
paper describes the control system of an axial flux Permanent
Magnet Synchronous Motor (PMSM) for EVs powertrain. It is
described the implemented Field Oriented Control (FOC)
algorithm and the Space Vector Modulation (SVM) technique.
Also, the mathematical model of the PMSM is presented. Both,
simulation and experimental, results with different types of
mechanical load are presented. The experimental results were
obtained using a laboratory test bench. The obtained results are
discussed.

Keywords—Axial Flux Permanent Magnet Synchronous Motor;
Field Oriented Control; Space Vector Modulation; Electric Vehicles.

l. INTRODUCTION

The replacement of non-renewable energy resources (such
as fossil fuels) by more sustainable energy sources is of
paramount importance. The general perception of this need is
increasing the use of renewable energy resources. It is also
known that most of the global energy consumption is used in
mobility purposes, and therefore new mobility solutions are
being proposed. Electric Vehicles (EVs) are less pollutant and
more efficient than vehicles with combustion engines, hence its
sales have been growing on vehicle’s market [1], [2].

Several types of electric motors can be used in the powertrain
of EVs. Nowadays, Permanent Magnet Synchronous Motors
(PMSM) are the most used, since they have some advantages
over other motors [3], [4], namely:

- High efficiency;
- High power density;
- Reduced rotor losses, the rotor uses magnets;

- Reduced engine size for the same power, in comparison
with the internal combustion engine;

- Compact construction;
- Low maintenance costs;

- Wide adaptation to projects specific features due to the
variety of available magnets arrangements.

This paper presents the use of a Field Oriented Control
(FOC) to drive a PMSM. Several computer simulations and
experimental results are also presented. The FOC has the
advantages of low ripple and low distortion in the torque’s
waveforms. It is also compatible with fixed switching frequency
pulse width modulation techniques. On the other hand, the FOC
has the disadvantage of having a slower response in torque

variations, in comparison with some control technics like Direct
Torque Control (DTC) [5].

II.  FIELD ORIENTED CONTROL

The proposed field oriented control is depicted in Fig. 1. In
traditional applications the control variable is the speed of the
motor. However, for EVs’ traction it is more adequate a torque
control. So, the speed loop was eliminated and is used a torque
reference obtained from the accelerator pedal.

The main advantage of the FOC is the independent control
of stator flux and motor torque. To obtain this independency
motor’s currents are represent in a two axes orthogonal d-q
coordinate system (Iq and lg) synchronous with motor’s speed.
The Iy component is responsible to adjust the stator flux, and Iq
adjusts the torque reference. In order to obtain the maximum
torque lqrer is forced to be zero. This condition allows a phase
shift between the rotor and the stator flux of 90° [6]-[8].

The Clarke transform is responsible for transforming a
rotational three-phase system in a rotational two dimensional
coordinate system, where the two components are 90° phase
shifted. Equation (1) shows the Clark transform of the
three-phase currents ia, is, and ic.
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When the system is balanced, the sum of the three currents
is zero, and equation (1) can be simplified as shown in
equation (2).
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Fig. 1. Field Oriented Control (FOC) block diagram.
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The Park transform converts a rotational system in a
stationary system. Where the inputs are the i, and ig, obtained
from the Clake transform. The Park transform is described by
equation (3).

Id] _ [cos 6, send, [ia] 3)
L] 1-sen, cos@,|lis
Where 6. is the electrical angle of the motor.

The inverse Park transform is used to convert a stationary
system in a rotational system. This inverse transform is used to
convert the voltage references for the SVPWM modulation, as

shown in equation (4).
Val [cosb, -sen6,][Va
[Vﬁ] h [sen 6, cos6, ] [Vq] ()
I1l. SPACE VECTOR MODULATION

As it can be seen in Fig. 1 the control algorithm (FOC)
produces two reference voltages (v, and vjg). This two voltage
references are the two components in the a-f plan of the
reference voltage vector (Vrer), which defines the voltages that
should be applied to the motor. To translate the reference voltage
in gate pulses for the inverter semiconductors different pulse
width modulation techniques can be used [9]. Knowing that the
reference voltage is a vector, and considering the high
performance of the space vector modulation technique, it was
the natural choice.

In Fig. 2 is depicted the vector Ve in the a-f plan.

With the conditions enumerated in equations (5) and (6) it is
possible to determine the sector where Vi is placed, as shown
in Table I.

If vg>0 Then A=1, Else A=0
If v,V3-v5)>0 ThenB=1, ElseB=0 (5
If (v, V3-v5)>0 ThenC=1, Else C=0

N=A+2B+4C (6)
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Fig. 2. V(g location in a-f plan.
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TABLE |. SECTORS OF Vger

N 1 2 3 4 5 6
Sector 1 VI | v 11

With equation (7) the auxiliary variables (X, Y, and Z) are
determined. Using Table Il the on-duration (t; and t;) of the
switching state vectors are obtained.

Tev \/§
x=27
Vee
T. V3+3v,
y- Ly 3tivg ™)
2 Vee
7= TS(V,B\/g+3Va)
a 2 Vee

Where Ts is the switching period and V. is the DC-link
voltage.

If the condition t; + t,< Ts is not verified the value of t; and
t2 needs to be adjusted according to equation (8).
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With the values of t; and t, the three necessary duty cycles
can be calculated using equation (9).
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Finally the duty cycles will be assigned to the right motor
phase reference (ta, tn and tc) according to Table I11.
IV. MATHEMATICAL MODEL OF THE PMSM

The PMSM was modeled using the d-gq axis mathematical
model. Therefore, the main equations of the motor are expressed
under a d-g coordinate system [10].

The voltage and flux linkage can be written as follows:

TABLE Il. ON-DURATION t; AND t, OF THE SWITCHING STATE VECTORS

Setor | 1 1l v \Y% VI
t -Z z X -X -Y Y
t X Y -Y z -Z -X

TABLE Ill. VALUES OF MOTOR PHASE DUTY CYCLES tg, t, AND t¢

Sector | 1 11 v \Y% VI
ta taon thon tcon tcon Thon taon
to thon taon taon thon teon teon
te teon teon thon taon taon thon
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Vi=R Ij+py,-o. ¥
Vi=R Iy +py, toecy,
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v, = L, 1,
Where Rs is the armature resistance, 14 and lq are the stator
d-q axis currents, p is the pole-pair number, we is the electrical

angular speed, Lqg and Lq are the d-g axis inductances, and v is
the permanent magnets flux linkage.

The torque is defined by equation (12).

Te=p(1q v, 1 wq) (12)

When lqger is zero, equation (12) can be rewritten as
equation (13).

T.=pl, vy, (13)

When it is wanted a speed above motor nominal speed a field
weakening control algorithm is used. This can be done by
making lqrer greater than zero. However, the maximum torque
that can be generated is reduced, since the condition in
equation (14) needs to be guaranteed [6].

[S = ’]dz + [q2 < Ismax (14)

It should be noticed that it is not recommended to create
fluxes in opposition to the natural flux produced by the
permanent magnets during long periods of time. This condition
can lead to demagnetization of the permanent magnets, reducing
the produced torque, and causing excessive overheating of the
motor.

V.  SIMULATION RESULTS

Many times it is difficulty of obtaining the necessary motor
characteristics from the manufactures. Therefore, a set of
experimental tests need to be done in order to obtain these
characteristics [11]. Table IV presents the main characteristics of
the PMSM that were used in the computer simulations and in the
experimental results, which were obtained from the
manufacturer and from experimental tests.

TABLE IV. CHARACTERISTICS OF THE PMSM

Characteristics Value Unit
Nominal Power P, 30 kw
Speed ® 6000 rpm
Nominal Voltage V, 187 \%
Nominal Current I, 1135 A
Torque T 47.7 Nm
Number of Poles p 8
Nominal Frequency f 400 Hz
Stator Resistance R 19.35 mQ
Inertia J 5.86 mkgmz
d-axis Stator Inductance Ly 100 uH
g-axis Stator Inductance L, 160 uH
Voltage constant k. 421 /1000 rpm

A. No-Load Simulations

The first simulations were performed without using a
mechanical load, i.e., with 0 Nm resistant torque. To overcome
the motor’s inertia, during the startup of the PMSM was applied
areference torque of 7 Nm. Once reached the stationary state the
torque reference is set to zero.

Fig. 3 shows the waveforms of the torque reference and the
torque produced by the PMSM, without mechanical load. It is
possible to see that the torque of the PMSM follows the torque
reference just up to certain time instant. After this instant the
PMSM torque decreases to near 2.5Nm. This instant
corresponds to the end of the transitory regimen, when the
angular acceleration of the PMSM begins to decrease up to zero.
Consequently, the angular momentum will go to zero, and the
produced torque depends only of the frictional forces of the
system.

Fig. 4 shows the waveforms of the lyrer and lq. The waveform
of lq is similar of the waveform of T as expected, since T is
directly proportional to I current.

The motor speed curve is presented in Fig. 5. It can be seen
that the system reacts very quickly, reaching the steady-state in
approximately 0.2 s.

In Fig. 6 are shown the motor voltages (Vas, Vec and vca) and
currents (ia, is and ic) when the PMSM operates in steady-state
without mechanical load. The RMS value of the voltages is
62.5 V and the RMS value of the currents is 5.9 A.
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Fig. 3. Torque reference (Trs) and PMSM produced torque (T) without
mechanical load.
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Fig. 4. PMSM no-load stator d-q axis current reference lqer and
current lg.
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Fig. 5. No-load PMSM speed curve.




B. Full Load Simulations

The system was simulated with a mechanical load of
47.7 Nm. In Fig. 7 are shown the waveforms of the reference
torque and correspondent motor torque. As it is possible to see
the motor torque follows the reference torque up to the instant
t;. During this time period the produced torque is equal to the
sum of the acelleration torque, due to motor enertia, and the
risistant mechanical torque of the system. After this instant the
produced torque corresponds to the mechanical load torque.
When the torque referce (Tre) is set to zero, the motor torque (T)
follows this reference.

Fig. 8 shows motor speed along the time when operating at
full load (47.7 Nm).

Analysing the motor speed at this operating condictionit can
be seen that the motor is able to reach the maximum speed of
2970 rpm in 0.1 s. In Fig. 9 are shown the motor voltages (vag,
vec and vca) and currents (ia, is and ic) at full load. The RMS
value of the voltages is 95.3 V and the value of the RMS value
of the currents is 108.4 A. The currents ripple is caused by the
inverter commutation frequency. Comparing this value with the
currents ripple shown in Fig. 6 it is significanctly lesser. This is
due to the higher RMS currents value. This ripple is still
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Fig. 6. Voltages and currents of the PMSM with FOC without
mechanical load: (a) vag and ia; (b) vec and ig; (C) Vca and ic.
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Fig. 7. Torque reference (Trs) and PMSM produced torque (T) with full
load.
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Fig. 9. Voltage and currents of the PMSM with full load: (a) vag and ia;
(b) vec and ig; (C) vca and ic.

Fig. 10. Axial flux permanent magnet synchronous motor.

significant, but it is justified by the fact that the 200 Hz motor
voltages being sintetized by a comutation frequency of only
8 kHz.

VI. EXPERIMENTAL RESULTS

In Fig. 10 is presented the axial flux permanent magnet
synchronous motor that was used to obtain the experimental
results.

To drive the motor it was used an inverter laboratorial
prototype (Fig. 11). The DC-link of the inverter was fed by
battery pack with a nominal voltage of 168 V. The FOC
algorithm was implemented in a 32-bit floating-point Digital
Signal Controller (DSC).
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Fig. 11. Controller laboratory prototype.

To assess the behavior of the motor working at different
operating conditions it was assembled in a test bench, as shown
in Fig. 12.

A. Experimental No-Load Test

To perform the no-load test the PMSM was put to run
without any mechanical load applied in the shaft. In Fig. 13 are

Refrigeration system

Fig. 12. Test bench with PMSM for test.
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Fig. 13. No-load voltages (Vag, Vsc, and vca) and currents (ia, is, and ic) in
the PMSM.

presented the voltages and currents waveforms in the motor.
This waveforms were obtained with an Yokogawa DL716
oscilloscope with an input low-pass filter, set with a 500 Hz
cutoff frequency.

The RMS values of the voltages and currents were 42.7 V
and 1.7 A, respectively.

In Fig. 14 are presented the waveforms of the reference
current lger and the motor’s current lq. Four different time
instants were depicted. At instant ty, the reference lgrer is changed
from 0 to about 21 A. It can be seen that I, follows this reference.
At instant t,, the value of I begins to decreases to an average
value around 1.5 A. This occurs because the motor finishes
accelerating and the acceleration torque becomes zero. At time
ts, the value of reference lyrer is set to zero and Iq follows the
reference to near zero. Between t; and ts, the Iq ripple decreasing
to zero. After t4 the PMSM is stopped.

B. Experimental Load Test

The load test was made using the test bench set to apply a
mechanical load of 40 Nm. In Fig. 15 are shown the motor
voltages and currents. These waveforms were registered using
the aforementioned oscilloscope. The RMS value of the voltages
and currents were of 66.3 V and 101.7 A, respectively. When the
PMSM runs with a mechanical load the currents waveforms are
more sinusoidal.

In Fig. 16 are presented the waveforms of the reference lgres
and the current I, for a mechanical load of 40 Nm. Four different
time instants are depicted. At instant t; the reference Igrer is
changed from 0 to 200 A. The I4 follows the reference up to
instant t,, when it starts to decrease up to 119 A. This occurs
because the motor finishes accelerating and the PMSM only
needs to produce the mechanical load torque. At t; the reference
Igrer IS Set to zero, and the current Iy follows the reference, but
with a slight oscillation around zero up to instant t4, when the
PMSM stops running.
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Fig. 14. Stator d-q axis current reference lger and Iq current in the PMSM
without load.
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Fig. 15. Voltages and currents of the PMSM with load.
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Fig. 16. Stator d-q axis current reference lqer and Iq current in the PMSM
with a 40 Nm load.

VII. CONCLUSIONS

In this paper were presented the simulations and
experimental results of the Field Oriented Control (FOC) of an
axial flux Permanent Magnet Synchronous Motor (PMSM).

Several tests were performed, both in computer simulations
and in a laboratory test bench, in order to obtain experimental
results. The experimental results have shown that the FOC
presents a fast response to torque reference variations, both with
load and no-load torque conditions. The waveforms of currents
and voltages presented some ripple due to the low commutation
frequency of the three-phase inverter that was used.

The next step of this work will be the integration of the
presented system in a car that is being converted to electric
vehicle by the Group of Energy and Power Electronics (GEPE)
of the University of Minho.
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