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Abstract

Electric vehicles (EVs) are an environmental solution providing no harmful gases with
low noise. High performance EV systems require high energy-efficiency traction motors such as
permanent magnet synchronous motors (PMSMs). PMSMs according to its relative advantages
are commonly used for high-performance EV drive systems. PMSMs have merits of high power-
to-weight ratio, high torque per ampere ratio and high efficiency. For high performance EV
system, the field-oriented control (FOC) based on Pl-controllers is used with a lot of hardness
such as the Pl-controller tuning and operating constraints. Model predictive control (MPC) can
overcome such problems in FOC. In this paper, FOC and finite-set model predictive control (FS-
MPC) techniques for an interior permanent magnet synchronous motor (IPMSM) are analyzed
under different operating modes. For EV applications, IPMSMs are operated under maximum
torque per ampere (MTPA) and field weakening (FW) operating modes. FS-MPC depends on the
on-line solution of a Quadratic programming (QP) problem cost function to overcome problems
of the cascaded structure of Pl-controllers loops in FOC. The performance of the proposed two
controllers is compared under the same operating conditions. Simulation results show that the
proposed FS-MPC technique enhances the performances compared with the common ordinary
cascaded structure FOC.

Keywords: Electric Vechicle, IPMSM control,FOC, FC-MPC , MTPA, Field-Weakening region.

high efficiency, high torque per inertia ratio,
and high power-to-weight ratio [2-3]. PMSM

Electric Vehicles has a wide applicable  nay pe surface mounted type (SM-PMSM) or
field of the electrical drives and clean energy jnterior type according to the configuration of
enhancement. EVs are environmental (N0 the permanent magnet in the rotor. Permanent
harmful gases and low noise) and unbinding  magnet synchronous rotor became more
for the city traffic. Nowadays, electric  popylar for EV drives system for low and
vehicles can replace traditional vehicles which  medium power range up to 10 kW and
use internal combustion engines (ICEs). EViis  pgwadays PMSM used up to 30 kW [3-6]. A
facing the soaring prices of fossil fuel,  comprehensive study on PMSMs drive
reducing the carbon emission, and becoming  systems for various electrical transportation
an environment friendly technology [1]. The  applications is presented [3]. In [4], a radial
machine type and its characteristics form the  fj,x jnner-rotor PMSM is designed to achieve
essential factor for any EV model’s success gy requirements. A general overview of
[2]. High-performance EV systems require @  ejectric machines for electric and hybrid
high energy-efficiency traction motor so that  yehjcles is presented in [5,7]. In [6], a PMSM
PMSM s used for this paper. PMSMs have s design using high energy neodymium-iron-

merits such as no rotor copper loss leading to boron (Nd-Fe-B) permanent magnet material
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to satisfy the special requirements of, high-
power density, high- efficiency, high starting-
torque, and high cruising speed for EVs. A
novel study for brushless motor drives is
developed in [8]. In [9], a performance fuzzy
Pl speed controller is designed comparing to
the sliding mode control. In [10], a novel
scheme is proposed to reduce the problems of
systems fed by multi-level inverters such as
computational complexity and high switching
loss for space vector-pulse width modulation
(SV-PWM) for PMSM-FOC and verified
results by simulation and experimentally.
Direct torque control operation via a wide
speed rage is proposed in [11] based on the
torque and stator linkage flux control. A
Look-Up table (LUT) for MTPA and a reverse
relation between the speed and the voltage
vector during FW are applied. In [12], an
integral FS-MPC based on linearizing of the
SM-PMSM state space model is proposed
resulting in zero steady state error with load
torque disturbance rejection. In [13], a MPC
for PMSM including the FW for SM-PMSM
is presented by linearizing the machine model
verifying by simulation and experiment. In
[14], a compensated MPC with Simplified
Repetitive Control proposed to improve the
MPC robustness against current distortion,
parameter mismatch and dead time effect for
SM-PMSM drives. This paper presents and
implements a MPC technique compared to the
conventional FOC based on Pl-controller by
using  MATLAB-Simulink. The paper is
organized as following: PMSM dynamic
model is introduced in Section 2. Section 3
introduces modes of operation of a PMSM.
Section 4 introduce PMSM control FOC and
the proposed MPC. Simulation results are
given in Section 5. Finally, a conclusion is
given in Section 6.

2. IPMSM Model

Electrical model of the IPMSM in the d-q
reference frame is:

July2023
. dids .
Ugs = Rgigs + Lygs W - meqslqs €Y
. diqs .
Ugs = Rglgs + L‘“W + W Lasias + om@r (2)
dn
d_tm =Tem —Th 3)
dw Z
@ =7 Tem =T 4)
3Z . P
Temm = Tp ( Brlgs + (Lds - qu)ldslqs) 5)

Ugs, Ugs: lgs igs- the d-g stator voltages and
currents respectively.

Ry: the stator winding resistance in ohm.

J: the moment of inertia in kg.m"2.

o ¢: the permanent magnet rotor flux.

Lgs, Lgs: the stator d-g axis inductances in
Henry.

T,: the load torque that is considered as
unknown disturbance.

wp,. the electrical motor speed in electrical
rad/s that equal the rotor mechanical speed
(Q,,) multiplied by the pole pairs (Z,) as in
Eq.6

Wm = ZpQy, (6)
T.m: the electromagnetic torque consists of
two terms; the first term is the magnetic
torque produced by the PM. Flux and the
second term is the reluctance torque produced
by the difference between the d-q reluctances

according to the interior permanent magnet
motor d-q axes reluctance design.

3. Operating Modes of PMSMs
Between the different operating modes
of PMSMs such as constant torque angle [12],
unity power factor [15] and maximum
efficiency [16] operations there are two
common operating regions, constant torque
and field weakening operating modes [11].

3.1 Constant torque angle control
technique
Constant torque angle control is

achieved by maintain the angle between
the stator phasor current i; and the rotor
d-axis flux to be 90°, which means lds
equals zero as shown in Fig.1. This mode
is used for energy saving during steady

- 246 -



Vol.42, No.2. July2023

state operation and is suitable for SM-
PMSM. If this mode of operation is
applied to IPMSM, reluctance torque will
be disappeared which decrease the motor

efficiency.
q—a)fc\is

- :>
S Wy d-axis

T
3-axis ref

i
a-axis ref
(a) (b)
Fig.1 Constant torque angle operation vector diagram.

3.2 Optimized
control technique.
According to Eg.5 to get positive
reluctance torque for IPMSM (Lgs > Lys), igs
must be negative value. From Fig.2 we get:

s = ’ids2 + iqsz (6)

torque per ampere

iqs = is sin(8) )
igs = ig cos(8) ®)
q—a:;g‘is
\s .
*  isg ]
s
« N[J -
ids ¥y~ d-axis

Fig.2 vector diagram for stator currents.

By substituting Eq.7&8 into Eq.5 to get the d-
axis current corresponding to command
torque:

2
. cmd _ Ji _ i .2
tas - Z(qu_Lds) j(z(qu_Lds)) + lqs (9)

By substituting in Eqg.5, a relation between
torque and command i,™¢ is obtained as:

cmd _
Tem -

3Z 8
24 2L
2 lq5[2+

\/(%f)z + ((qu B LdS)iqs)z (10)

Using Eq.10 and known values of torque, the
corresponding g-axis current could be
calculated. Putting these values in a lookup
table to calculate the command g-axis current
for different command torques. Finally, the
command d-q axes current required for the
inner loop calculated by using Eg.9 and the
lookup table.

3.3  Field weakening operation

At steady state operation the machine model
is:

Ugs = Rslgs — WmLyslys 11
uqs = RSIqS + medSIdS + wmﬂf (12)
g = /ﬂdsz + 845> (13)
Bas = Laslas + 95 (14)
Bqs = Lqslys (15)
Us = ’uds2 + uqsz = Wy "51152 + ﬂqs2 (16)
emfgs = WmLaslas + W Bf 7)
emfas = wmLgslys (18)

where: emf,s, emf,s: the stator d-g induced
electromotive force that proportional to the
motor speed times the stator axes flux known
as cross coupling terms. To get higher motor
speed without the machine saturation we
reduce the flux that is known Field
Weakening. The FW technique requires high
negative d-axis current and reduced g-axis
current to get the maximum torque required
during the FW operation. For the critical
constrained point (neglecting stator
resistance):

2
(M) = (Lasias + Q,f)z

(Um
+ (LCIS)Z(ISmaxZ - idsz) (19)
Then,
(Las® = Lgs™)ias” + 2LasBpias
+ (0% + Las*Is max”)
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For a required speed, Eq.20 is a quadratic Eq.
for d-axis current that is solved to give the
command d-axis current as:

cmd
Las

2

2 u
21458 + j(udsaf) = 4(Las® = Lg% + Lgs?s,, D) — (Some)

W

- Z(Ldsz - quz) (21)

Then, by using Eq.6 we get the command g-
axis current as:

. cmd __ 2 . cmd 2
lqs - \/Is_max + (lds )

(22)

Using the command d-q currents, the
maximum torque is calculated and then
compared to the command from the PI speed
controller. The smaller value is chosen
according to Eq.23&24 [17]. Then update the
g-axis current from the selected torque value
via Eq.5.

max cmd _ cmd
Tem > Tom = Tem = Tem

(23)

max cmd _ max
Tem < Tem = Tom = Tem

(24)

4. FOC and MPC of PMSM
4.1 Field Oriented Control for PMSM

Figure 3 shows the schematic diagram of the
field-oriented control. FOC technique consists
of two cascaded control loops with three PI-
controllers. The outer loop for speed
regulation that produce the reference currents
required for the inner control loops according
to the operation mode. The inner d-q axis
controllers regulate v,,&v,s terms. The emf
compensated terms are added to enhance the
performance during steady state operation as
shown in Fig.4. Without compensating terms,
stator voltage in synchronous frame can be
expressed as:

_ . dids
Vas = Rslds + Lds% (25)
=Rgi s+ L digs 26
Vgs = Rslgs + Lgs (26)
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Fig.3 schematic diagram of FOC for PMSM.

O “ vd*, O ud*
()

O—{ p PHo—
(o)

Fig.4 Inner control loops schematic diagram

In s-domain the steady state d-q axis transfer
function of PMSM and the PI controller are:

lgs(s)  1/Lgs
vas(®) 5+ Ro/lag @7
iqs(s) _ 1/qu
Vgs(S) s+ RS/LqS (28)
PI(s) = K, +% (29)

Where: K, and K; are the proportional and the
integral gains of the Pl-controller. For PI-
controller design, neglecting the compensation
terms and considering the transfer function of
the inverter is 1, result the simplified control
loops are shown in Fig.5. Comparing the
second order inner closed loop transfer
function to the standard form in EQ.29 with
damping ratio ¢ = 0.707 and natural undamped
natural frequency winner = 100 rad/s, gives the
inner loops’ PI-controller gains.

- (30)

d
171
vq 15
5+Ry/Lgs
iq
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Fig.5 Simplified d-q axis current loops
The simplified speed loop transfer function is:

o
wm(s) _ 2 ]
Lqs(S) s+? Gb

With { =1 and slower frequency w,,; =
0.1W;pner rad/s, Pl-controller gains can be
designed for outer loop. The performance of
the system with these gains is still not good.
After all, for more effective performance gains
are tuned by MATLAB. Finally, the
compensated terms are added to get the
command d-q axis voltages. The command
stator voltages are limited by the amplitude of
the space vector voltage signal that equals
1/4/3 times the DC-Link voltage for Space
Vector Pulse Width Modulation (SV-PWM).
The d-q voltages limits are identified by the
constraints as shown in Fig 6.

Voltage limitation

T “~-__ current limitation circel(Imax)
Increasing Speed ™ N «

d-axis

Fig.6 Constraints for d-q axes voltage and current

The d-q axis maximum command voltages
[18] in the following Equations.

Va
/vés +vfs = 7; (32)
: Va
Ugs_max = 736 (33)
; Va
Vds max = 1-_62 T; (34)
The d-g axis rotating reference frame
command voltages are transformed to the

three-phase reference frame and then applied
to the SV-PWM algorithm.

4.2 Finite Set-Model Predictive Control for
PMSM Drives

In recent years, MPC becomes commonly
applicable for applications of electric drives
and power electronics because of the fast
development in  micro-controllers  and
advances in MPC research and its advantages
such as [19,20]:

» Concepts are very easy to understand.

» The multivariable case can be easily
considered.

» Easy inclusion of non-linearities in the
model, without the need to linearize
the model for a given operating point
and improving the operation of the

system for all conditions.

Using predictive control, it is possible
to avoid the cascaded structure, used in
a linear control scheme, obtaining very
fast transient responses.

The MPC controller is easy to be
implemented.

The proposed MPC control for PMSM drive
consists of two steps. The outer loop uses a
Pl-controller to regulate the speed by
producing the command torque. The d-g axes
command currents are calculated according to
the operating regions of the PMSM,
MTPA/FW required as set points for the inner
loop MPC current regulation. The inner
control MPC algorithm based on [20]:

» Using a model to predict the future
behavior of the variables in a horizon
time.

» A cost function representing
desired system behavior.

the

» The optimal control action is obtained
by minimizing the cost function.

In another words, there are eight voltage
vectors of the inverter switching cases as in
matrix U. MPC applies the eight switching
cases on the PMSM model to predict the next

step current vector ix as in Eq.35. Based on
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the instant command current vector, measured
currents and the rotor speed and its position,
the predicted current vector is calculated as:

values by Clark transformation and then the
direct rotational transformation matrix. The
MPC schematic diagram is shown in Fig.7,
and the machine parameters are illustrated in

ix=Fxi+G*M=*DxU(:,k)+H
where:

(35)

Table 1.

fas Sa i

Ua
—

i las”
. . . . i ) i “l\]}:‘:f o, MPC L’ Tnverter ib —»  PMSM —
lp = [lds(ti+1); lqs(ti+1)]’ L= [lds(ti); lqs(ti)] e, X LY !
P )
- % % LE 0 ids :; y
_ ds ds _ ds dgfabe
F_ M 1_RSTS, G_ O E | [
Lgs Lgs qu
[
- “m dam < ! i ncoder +——
0 c0s(6y)  sin(6,,) r ol
H = —wm(Z)fTS , M = .
T Llgs —sin(6,,) cos(6y) Fig.7 FC-MPC schematic control for PMSM drive
, [t —05 -05 Table 1 The PMSM parameters.
D=3Vac 0 ? _g O = [ wpdt Symbol | Description Value
Zy Pole Paris 2
01100011 ] Moment of inertia 0.021
v={00111001 _ _ kg.m"2
00001111 B Viscous f_rlctlon ~ 0
Ry Stator resistance 1.4852 Q
The predicted current vector is applied to a Lgs | d-axis stator inductance | 0.0955 H
quadratic  error  problem _between the Lys | o-axis stator inductance | 0.1415 H
command current and the predicted values. An
. . . . g5 Rotor PM flux 0.3847
optimal loop algorithm is applied to select the
. L . Wm Rated speed 2000 rpm
more suitable vector to minimize the quadratic T Rated slectromaanetic |7 162 Nm
cost function in Eq.36 [19]. em torque g '
L% . 2
g = (ias(t) — igs(tis1)) V4e | DC-Link voltage 540V
2
+ (iés(ti) - iqs(ti+1)) (36) I | Phase current 74 A
where i (t;), i’ (t;) are the command d-g axis amplitude
tastti)s tastti g P Rated power 1.5 kW

current at time instant of ¢; and igzs(tizq),
iqs(ti+1) are the predicted d-q axis currents for
the next time step t;,,. Finally for every
control step time (10~*s) we get the optimized
switching cases for the inverter switches
required to produce this optimal voltage
vector and apply it to the inverter directly
without need for another step of PWM as in
vector control. We use the measured speed by
the encoder and rotor position to get the actual
d-g currents from the measured three phase

5. Simulation Results and discussion

The  proposed FOC/MPC  control
techniques incorporating both the MTPA/FW
controllers are modeled and simulated by
MATLAB-Simulink for IPMSM of Table 1.
For FOC PWM a three-phase inverter model
based on insulated gate bipolar transistors
(IGBTs) which is supplied with a dc-link
voltage of 540 V. The PWM frequency of the
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inverter is set at 4.050 kHz (=3*27*50, odd
multiple of 3 times the frequency to illuminate
the third harmonic and its multipliers) and for
control is 10 kHz as usual for two-level IGBT-
based inverters sample time. The PMSM
characteristics are discussed under fixed load
torque as in case 1, and under changeable load
disturbance as in case 2. The Pl-controller
used for speed regulation with FOC and FC-
MPC is the same.

Case (1): Variable motor speed with fixed
load torque.

The motor speed is changed from 1000
rpm to 3000 rpm then for 3300 rpm. The
load torque is fixed at rated value of
43406 Nm for 3300 rpm speed. The
simulation results are given in Fig.8.
Results show, the motor speed
waveforms of the two techniques are
identical. The command torque follows
the maximum allowable as a function of

the speed. The power trajectory is
maintained at its maximum limit during
the field-weakening operation. The drive

speed is smoothly reached the command
during all the operation. MPC has better
dynamic performances than for FOC due
to d-g axis voltages saturation in FOC.
This voltage saturation causes a sudden
magnitude reduction in torque and so the
d-axis current that is not existing in MPC.
The d-q axis MPC/FOC currents follow

the command within the inverter limits
with more precisely for MPC. MPC
currents have lower ripple during the

dynamic and steady state operation. MPC
three phase currents have lower harmonic
distortion than in FOC as in Fig.8 (e and
f). During high-speed FW operation with
the rated power 1500 W, MPC has better
steady state performance with lower
ripple in torque and currents waveforms.
The lower current ripple for MPC can

extend a wider speed  bandwidth.
Independent of the control technique, the
PMSM has better performance for lower
speed than for the high speed, because of
high inductances and permanent magnet
flux.

5.5

51

Ft
tn

Load torque (Nm)
S

ad
o

w

3 ; 5 6
Time (s)
(@) Load torque
3600 ‘

o
[N}

3000

2500

2000

Speed (rpm)
=
=

=
=
=

18 18 19 46 48

wn

=4

=3
T

0 1 2 3 4 5 §
Time (s)

(b) Reference and actual motor speed.

——MPC
———MPC cmd -

FOC
——FOCcmd ||

Torque(Nm)

w IS o o -~ o w
T T T T

o
r
w |-
=
e
=

Time (s)

(C) Electromagnetic torque.

-251-



Vol.42, No.2. July2023

12
a i ——MPC cmd 6 ‘ ;:
Ul =t% ic|
6 5
i <4 ] 1] - .05, . 051 .
z g2 i O
g’ 3o
3 :‘ (T VAW
R X L
s \ ‘ (
0 051 02 ‘ 0t3 0.‘4 0:5 OEG 0.7 0.8 0.9
Time (s)
B : w . (e) Three phase MPC current
0 1 2 3 4 5 6 D -
Time (s) 2 ’ ‘ T A e a]
. 10 ¥ W i .
(d) d-axis stator current. ol o ‘ f
7 6 ‘/\“J’N“ ‘ﬂ‘ I “"“r‘
= <4 1 )}‘\‘: l"” MMM
;- AN RTEMAA
50; \‘ (/1 ““:““\‘\“\1“‘;“"‘
50 21/ ,‘ \““I“““‘m“l"'
< 4'\/{3 LN
B, SOV
(5] 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)
’ (f) Three phase FOC current
ol Fig.8 Under constant load torque results Validation.
0 p ) :'i “‘ !'_, . (a)Tl (b)wmt (C)Temt (d)ids: (e)iqs: (f) iss (g)P:
Time (s) (h) iabcMPC: and () taperoc
(e) g-axis stator current Case 2: Variable load torgue.
? ' ' Figure 9 shows waveforms of the
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6. Conclusion
Two controllers FOC and FS-MPC
scheme for IPMSM drives are proposed
and implemented. IPMSM operated at
MTPA and FW under constant load and

sudden load torque impose. Within the
inverter's limit of current and voltage,
MTPA/FW is implemented. Simulation
results show that MPC has better

performance over the whole MTPA/FW
dynamic and steady state operation. MPC
presents some benefits over FOC control
such as easier control reduced ripple and
harmonics, the torque and currents
waveform follow the command precisely
than for FOC, and so there is no gain
tuning problem. MPC is a high
computational technique that does not
still a problem with the advance in
controllers and MPC research.
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