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Design and control of permanent magnet assisted synchronous
reluctance motor with copper loss minimization using MTPA
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It is necessary to find the suitable d- and g-axis reference currents to control PMA-SynRM motors with high efficiency.
This paper presents the maximum torque per ampere (MTPA) to minimize the copper losses of the system and utilizes the
field weakening control to operate above the rated speed of the PMA-SynRM. The copper losses equation and electromagnetic
torque are used to optimize the d- and g-axis current references. A small-scale 1 kW prototype PMA-SynRM was designed
and manufactured to test and examine the proposed control in the laboratory. The proposed algorithm was digitally carried
out using the MicroLab Box dSPACE. The simulation results show that the copper losses of the machine with the MTPA
algorithm are lower than those without the MTPA algorithm. The PMA-SynRM operates above the base speed of ~ 70 %
in the constant power region by mean of field weakening control.

Keywords: copper loss, permanent-magnet assisted reluctance motor (PMA-SynRM), maximum torque per ampere
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1 Introduction

Permanent-magnet synchronous motors (PMSMs) are
the most popular motors in automotive applications such
as electric vehicles (EVs) and hybrid electric vehicles
(HEVSs). They have a high torque density, high power
density, wide speed range, and high efficiency because
rare-earth permanent magnets (PMs), such as NdFeB, are
mounted on the rotor [1,2]. However, rare-earth elements
used in electric vehicles are costly, and there are concerns
about the supply chain and trade war as well as resource
monopoly. A new machine called permanent-magnet as-
sisted synchronous reluctance motor (PMA-SynRM) has
been designed by reducing many PMs or using ferrite
magnets in the rotor to avoid such circumstances. The
PMA-SynRM is more effective than the SynRM [3-5].
Besides, its price is much lower than that of the con-
ventional PMSM because ferrite PMs are cheaper than
rare-earth PMs. The PMA-SynRM is the most promising
rare-earth-free machine for the next generations of EVs
and HEVs. Figure 1 illustrates the structure proposed
for a four-pole PMA-SynRM with a ferrite magnet and
the reference d- and g-axes. The difference between the
PMA-SynRM and traditional PMSM is that the PMs are
inserted in the flux barriers of the rotor.

Therefore, the magnetization occurs along the nega-
tive g-axis. The PMA-SynRM design and control have
been proposed in several publications. Most of the re-
search focused on the rotor’s geometry based on machine
design and optimization aspects [6-10] as well as the PM
element [11-13]. Potential control methodology has been
discussed in recent literature [14]. Thounthong et al [15]
dealt with the differential flatness based control for the
PMSM drive with the nonlinear observers. Trancho et
al [16] proposed a robust control algorithm for the PM-
SynRMs in EVs and HEVs. They used a nonlinear control
based on second-order SMC current regulators to control
the current loop and utilized the lookup table for speed
loop control conditions. Although a suitable control of
PMA-SynRMs has been introduced in previous publica-
tions, it remains challenging to obtain a control system
with high-performance due to conditions such as copper
loss and vast speed operation.

In this paper, a small-scale prototype PMA-SynRM
with a ferrite magnet was designed and manufactured
for laboratory tests [17]. The control scheme was carried
out using a PI-controller-based field-oriented vector con-
trol (FOC). The copper losses were minimized using the
MTPA. The machine can be operated above the rated
speed by utilizing the field-weakening (FW) control. Fi-
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Fig. 2. Three-phase inverter driving the PMA-SynRM, where
VBus, iBUS, ta and ic are the DC bus voltage, input inverter
current, and motor phase currents respectively

Table 1. PMA-SynRM Parameters Based on FEM Analysis

Symbol Meaning Value
U Permanent magnet flux 0.138 Wb
Lq Normal d -axis inductance 288 mH
Lq Normal ¢ -axis inductance 38 mH
Laq Mutual inductance 4 mH

nally, a full-scale control system test bench driving the
PMA-SynRM was implemented to validate the developed
control scheme.

2 Permanent magnet assisted synchronous motor
model and proposed control development

2.1 Mathematic models of PMA-SynNRM /inverter

A three-phase inverter (Fig. 2) provides a three-phase
AC voltage source using sinusoidal pulse width modula-
tion (SPWM. The stator-voltage and flux linkage equa-
tions of the PMA-SynRM in the d—q reference frame can
be expressed as follows [15,17]

dw
vq = Rgiq + d—td —we¥yq, (1)
d¥
Vq = Rsiqd—tq + we\pd 5 (2)

where Ry is the resistance (or system losses), iq and iq
are d- and g-axis currents and ¥4 and ¥, are d and
q-axis flux-linkage, respectively

We = NpWm (3)

where we, wm, Ny, are electrical angular frequency, me-
chanical angular frequency, number of pole pairs respec-
tively.

The flux linkage equations are

Vg4 = Lqia , \I]q = Lqiq — WU, (4a5)

where W, is the permanent magnet flux.
By substituting (4) and (5) into (1) and (2), the cur-
rent equations can be derived

diq 1

at L_d (Ud — Rgiq + weLqgiq — welllm) ) (6)
di 1 . .
d_; = L—q(vq — Rgig + weLdzd) . (7)

The produced electromagnetic torque of the PMA-SynRM
expressed in the d—q reference frame can be expressed as
follows

Te =MNp (\I/diq - \I/qid). (8)

Substituting (4) and (5) into (8), it yields
T. = ”pid((Ld — Lq)iq + \Pm) ] 9)

where Lq and Lq are d- and g-axis, and T is produced
electromagnetic torque.

2.2 FEM-Based Magnetic Model

Because of the crucial roles of the Lq and L in-
ductances in the overload capability, the field-weakening
range was improved, and precise control was established
to calculate the direct and quadrature inductances. The
dq inductances were calculated in the nonlinear case in
which the saturation of the stator teeth and rotor ribs are
considered. The saturation effects of the d and ¢ induc-
tances can be calculated using the ratio between the flux
linkage variations and the slight increase in the d- and
g-axes current, as expressed in (10), (11), and (12), [18].
The effect of cross-coupling due to saturation was stud-
ied for this machine. The parameters were identified in
the d—q frame. The current supply conditions were simu-
lated, and the flux linkages were evaluated by integrating
the magnetic vector potential. The d- and g-flux linkages
related to the d- and g-axes currents based on FEM anal-
ysis are represented in Fig. 3. Figure 3(a) shows the flux
linkage in the d reference frame U4(iq,iq) and Fig. 3(b)
shows the flux linkage in the ¢ reference frame U, (iq,4q)
. Table 1 provides the flux linkages of the PMs and d—q
inductances of the linear control system design

_ OWaliayiq) _ AWa(ia, iq)

L 10
d ald A’Ld iq=const ( )
;. _ OWaliaiq) _ AVa(ia, iq) 1)
q 6iq Aiq iq=const
04 (ia,iq) A4 (ig,iq)
da a’iq Aiq 1q=const ( )
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Fig. 5. The given MTPA curve for iq and iq references

2.3 MTPA for copper loss minimization

Based on the torque equation (9), the torque of the
PMA-SynRM can be divided into two types: one is pro-
duced by the permanent-magnet flux (interaction torque)
and the other is produced by the difference in the induc-
tances of the dg axes (reluctance torque). Therefore, to
minimize the copper losses and increase the overall perfor-
mance of the machine, the MTPA was used. The copper
loss equation is

Pou = R(ig +17) - (13)

As shown in Fig. 4 and referring to (9), the reference
torque equation can be written as

TeREF ="Np (AL’Lq + \I/m)id y (14)
where AL = Lq — |lg) is the difference of inductances.

Based on (14) and the reference torque of the PMA-
SynRM, there is no reference torque if the direct current
is set to zero (iq = 0). In contrast, the reference torque is
equal to the interaction torque if the quadrature current
is zero (iq = 0) . Therefore, in order to satisfy torque
reference, the quadrature current iq and direct current
iq must be minimized by using the MTPA concept. As
shown in Fig. 4, the minimum current vectors are stored
in lookups consisting of lookup tables for the iy and iq
references. However, to obtain the MTPA curve for the
PMA-SynRM, the current vectors are subjected to the
following conditions

max :  TeRrEF = Npid (ALiq + \Ilm)

15
Pou = Rs(i3 +i2) . 18)

min :
The quadrature current iy can be obtained by using (14)

) TeREF
14 =

 np(ALig+ Uy) (16)
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Fig. 7. Block diagram of the proposed field-weakening control

By substituting (16) into (13), the copper loss equation
can be obtained

Sy TeREF 2,
)

To obtain the MTPA curve of iq, the derivative of
the copper loss (17) with respect to i, can be expressed
by using (18) assuming AL is a constant parameter. As
shown in Fig. 5, the Torgr is considered as a constant
value in order to obtain the given iq and iq references

dPcy

digq ligopt

(17)

=0

18
Tier AL 18)

nZ (VU + ALigopt)®

lqopt =

where iqopt is the optimum quadrature current.
Using numerical Newton-Raphson method,

f(zi)
frlai)’
where x;41 is the next optimum point, the MTPA curve
can be obtained, see Fig. 5.

Control algorithm is shown in Fig. 6(a) and Fig. 6(b),
respectively. Based on the copper loss (13), the signal
is illustrated as Chl in both figures. In the case of the
control system without MTPA, the quadrature current i
is set to 2.5 A. The results show that the copper losses of
the control system with the MTPA algorithm are lower
than those of the control system without MTPA of ~
10%.

Ti41 = Ty — (19)

Magnitude (dB)

Stable region ‘|‘ Unstable region

2
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Fig. 8. Setting of the controllers by choosing the crossover fre-
quency in the frequency space

2.4 Field-weakening control for the constant power
region operation

As shown in Fig. 7, the maximum voltage V. is the
voltage that can be supplied by the three-phase inverter
to the machine. It is restricted by the DC bus voltage
Vius and PWM technique. The proposed field-weakening
algorithm is a simple scheme and easy to implement. It
does not depend on the PMA-SynRM model in contrast
to previous publications [19,20]. The concept of the pro-
posed algorithm is that if the stator voltage V; increases
and reaches the maximum voltage Viax, the direct cur-
rent decreases proportional to the difference between the
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two voltages. Therefore, Vy is restricted as follows

‘/s: \/U§+U3§Vmax-

By using the dq dynamic voltage equations (1) and
(2) of PMA-SynRM and flux equations (4) and (5), and
ignoring Ry, the steady-state dg voltage equations can be
written as follow

(20)

Vi = wmnp\/(Lqiq + ) 4 (Laia) . (21)

Based on (21), the inverter DC bus voltage is too low
to compensate for the back-emf when the base speed is
exceeded. The sinusoidal pulse width modulation tech-
nique was used in this study. Therefore, the maximum
voltage Viax is

1
Vinax = §VBUSKU )

(22)
where K, < 1 is a security gain, which assures that the
ceiling voltage is not reached.

w<0: i,
. (23)
w*<0:

io— 1.
A PI controller is utilized in order to guarantee that
the error converges to zero. Its design and stability are
going to be explained in the next section. The controller
output is limited between negative value and zero. The
final value 7, must be divided into two conditions to
assure the four-quadrant of the field-weakening control.

2.5 Controller design and stability of the proposed con-
trol scheme

K sTia + 1

Gola = =22 d : (24)
Ry STid(STsd + 1)
K STig + 1

Golg = 5 1 (25)

Ry sy (Squ + 1) ’

Ted = La/Rs, Tsq = Lq/Rs are the electrical time con-
stant of the d-axis and g-axis, Kpa, Kpq are the propor-
tional gain of the d-axis and g-axis controller, 7iq, Tiq are
the time constant of the d-axis and g-axis current loop.

The two current loops are much faster than the speed
loop. Therefore, the PI current controllers are tuned first.
By subtracting the back-emf term of the voltage equa-
tions (1) and (2), the two currents iq and i, can be con-
trolled independently. The open-loop transfer functions of
the iq and iq currents can be expressed, as shown in (24)
and (25).

By using pole-zero cancellation [21], that is, Tsq = Ti,
and T4 = 14, the controller parameters can be obtained

Kiq = weaRs,
Kiq = quRS )

Kpq = weaLq s

Kpq = weqlq,

15

where weq is the d-axis crossover frequency and weq is
the g-axis crossover frequency.

The open-loop transfer function of the speed control
is
STiw +1

Gow = Kp STiw (Tsw + 1)

K, (28)
where 75, = J/By is the electrical time constant of the
d-axis, J is the inertia, By is the viscous friction, Ky, is
the proportional gain of the speed controller, and 7, is
the time constant speed loop.

By using pole-zero cancellation, that is, 75, = 7 , the
speed controller parameters can be obtained

Koo

Tsw

Kiw =

(29)

where 7, is the closed-loop response time, which can be
obtained from the desired speed response.

Finally, the field-weakening controller is analyzed by
considering the stator voltage equation (21). The field-
weakening stability is satisfied when its time constant is
lower than the two-current control loop and lower than or
equal to the speed control loop. Note that the crossover
frequency of each control loop is discussed in Fig. 8 in
which wg, w;, and w? are the constant switching of the
PWM strategy of 16 kHz (100531 rads™!), the crossover
frequency of the current control loop is 69.8132rads™ !,
and the crossover frequency of the speed control loop is
9.97rads ™%, respectively.

3 Simulation and experimental validation

3.1 Test bench setup and PMA-SynRM control parame-
ters

Tables 1 and 2 list the main parameters of the PMA-
SynRM, and Table 3 illustrates the controller parameters.
The PMA-SynRM was fed using a 3 kW 3-® DC-AC
voltage source inverter (VSI) operated at a switching fre-
quency of 16 kHz. The speed and rotor angle measure-
ments were performed with a resolver on the rotor shaft.

3.2 Dynamic performance of proposed field-weakening

To validate that the controller is appropriately de-
signed, a simulation of the controller was developed em-
ploying MATLAB/SIMULINK software. Figure 9 shows
the simulation results and Fig. 10 shows the experimen-
tal results. Chl is the speed command ncon, Ch2 is the
g-axis current iq, Ch3 is the d-axis current iq, Ch4 is
the measured speed n, Chb is Vijax, Ch6 is the d-axis
voltage Vg, ChT7 is the g-axis voltage V;, Ch8 is the
stator voltage Vi, Ch9 is i,, Chl0 is the g-axis cur-
rent iq, and Chl2 is the stator current is. As shown
in Figs. 9 and 10, the speed reference changes from 0
to 2000 rpm, which includes the transition between the
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Fig. 9. Simulation results: dynamic performance of the proposed field-weakening control
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Fig. 10. Experimental results: dynamic performance of the proposed field-weakening control

constant torque and constant power mode. The machine
works well, with full performance under constant torque
and constant power operations in both directions of the
speed as well as torque.

The results show that the actual speed matches the
reference speed. Both the iy and i, experimental re-
sults correspond to the simulation results. Both figures
correspond to each other. When Vi reaches Vi,ax, the
field-weakening operation is activated. The output of the
PI compensator increases id into the negative direction.
The transition between the constant torque and constant

power regions is fast and smooth under all operating con-
ditions.

3.3 Dynamic performance of the proposed MTPA

Figure 11 represents the dynamic performance test un-
der the four-quadrant operation of the PMA-SynRM in
the constant torque region. The test was performed to
validate the proposed MTPA algorithm. Chl is the speed
reference nrgr, Ch2 is iq, Ch3 is iy, Ch4 is the measured
speed n, Chb is Vinaxa, Ch6is Vg, Ch7is Vg, Ch8is Vj,
Ch9 is the torque reference Tergr, Chl0 is the phase
current i4, and Chll is the measured torque Tiyeas. The
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Table 2. PMA-SynnRM /inverter specification and parameters

Table 3. Speed/current and field-weakening regulation parameters

Symbol Meaning Value
Prated Rated power 1kW
Nrated Rated speed 1350 rpm
Trated Rated torque 7.07 Nm
Trated Rated current 5.4 A
PF Power factor 0.80

D Number of pole pairs 2

Ry Resistance* 3.2 Q

J Equivalent inertia 0.0017 kg m?
B Viscous friction coefficient  0.0027 Nm s/rad
fs Switching frequency 16 kHz

*(motor + inverter)

speed reference changes from —1300 to 1300 rpm. The

measured speed matches the reference. The d- and g-axes

currents are optimized based on the MTPA curve, as

Symbol Meaning Value

Kpq q-axis current proportional gain 19.2

Kiq g-axis current integral gain 1.5015 x 103

Ky d— axis current 19.2
proportional gain

Kiq d-axis current integral gain 1.2243 x 10®

Kpw Speed proportional gain 0.2

Kiw Speed integral gain 2

Kotw Field-weakening 0.2
proportional gain

Kitw Field-weakening integral gain 2

Tsmax Maximum quadrature current +54 A

fsmin Minimum quadrature current —5.4 A

Ve DC bus voltage 400 V

shown in Fig. 5. The results show that the PMA-SynRM
operates in the constant torque region because Vj is lower

than Viax. The machine operates well, with full perfor-
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mance in this region. The measured torque matches the
reference torque. The results reflect that the machine op-
erates under the conditions described in (17).

3.4 Dynamic performance of disturbance rejection

In Fig. 12(a), Ch2 is the d-axis current igq, Ch3 is
the g-axis current iy, and Ch4 is the measured speed n
when the load is added suddenly. In Fig. 12(b), Ch2 is
the d-axis current iq, Ch3 is the g-axis current iy, and
Ch4 is the measured speed n when the load is suddenly
removed. It can be verified that the controller has a fast,
transient response and a small steady-state error as well
as an appropriate regulation capability when the load
torque is varied. The recovery time of speed is ~ 0.2.

4 Conclusions

This paper presents the control system based on the
MTPA to minimize the copper losses and field-weakening
control of the PMA-SynRM. The proposed MTPA was
considered regarding the copper loss and electromag-
netic torque equations to identify the optimized d- and
q-axis reference current curves, and they are stored in
the lookups. By utilizing the proposed field weakening
control, the machine can operate in both the constant
torque and constant power regions. The simulation re-
sults show that the copper losses with the MTPA algo-
rithm are lower than those without the MTPA algorithm
of ~ 10%. Finally, the PMA-SynRM, which was designed
and implemented for testing in the laboratory, has a high
performance. The PMA-SynRM operates above the base
speed of ~ 70 % in the constant power region by mean of
the proposed field weakening control. It was shown that
the uncontrolled generator mode running, which occurs in
the high-speed operation of the conventional PM motor
drives, can be eliminated in PMA-SynRM. It is suitable
for the use in electric vehicle traction instead of high-cost
permanent machines such as IPMSM. This machine has
the capability required for the traction systems of EVs
and HEVs. However, its linear control system must be
improved such that high performance can be obtained
under all conditions.
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