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ABSTRACT This paper proposes an improved torque ripple minimization (TRM) method using model-based
loss minimization (LM) control to reduce the torque ripples and enhance the efficiency for surface-mounted
permanent magnet synchronous motor (SPMSM) drives. The conventional SPMSM drives usually achieve
the maximum torque per ampere (MTPA) control by applying the zero d-axis current (ZDC) and ignore an
actual core loss resistance in the controller design. Unlike the conventional MTPA method, the proposed
TRM selects the appropriate d-axis current value by making the derivative of the electromagnetic torque
equal to zero in the SPMSM drives. Consequently, the proposed method can improve the torque ripples
and efficiency compared to the conventional MTPA. Using the proportional-integral (PI) controllers, com-
parative experimental verifications between the proposed model-based TRM, the conventional model-based
MTPA, and the conventional model-based LM are performed through a prototype SPMSM drive with a TI
TMS320F28335 digital signal processor (DSP).

INDEX TERMS Core loss resistance, maximum torque per ampere (MTPA), model-based loss
minimization (LM) control, surface-mounted permanent magnet synchronous motor (SPMSM), torque

ripple minimization (TRM).

I. INTRODUCTION

Among various types of ac motors, the permanent magnet
synchronous motors (PMSMs) are increasingly used in the
industrial applications (e.g., electric vehicles (EVs), machine
tools, industrial robots, home appliances, etc.) owing to their
outstanding advantages such as high efficiency, compact size,
low maintenance cost, high power density, high reliabil-
ity, and high torque-to-inertia ratio [1]-[3]. In the surface-
mounted PMSMs (SPMSMs), it is necessary to reduce
the torque ripples that cause undesirable acoustic noises,
torsional vibrations, and shaft failures [4]-[6]. Generally,
there are two sources of the torque ripples generated in
the SPMSMs: 1) distorted magnetic flux density waveforms
in the air gap and 2) back-electromotive force (EMF) har-
monics [4]. Other factors that influence the torque ripples are
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the current measurement errors and unbalanced stator phase
currents [5].

Generally, the torque ripples generated in the SPMSMs
can be reduced by either the machine designs or con-
trol designs [2]-[4]. First, several machine designs such as
employing a fractional number of slots per pole, skewing
magnets or stator lamination slots, and reshaping magnets
are presented to suppress the torque ripples [2]-[5]. How-
ever, specialized machine designs increase the complexity
in the production process and then result in higher machine
cost [6], [7].

Next, the torque ripples can be attenuated by the con-
trol designs with maximum torque per ampere (MTPA)
method (i.e., zero d-axis current (ZDC, izjz = 0)) such
as proportional-integral (PI) control [2], [8], deadbeat con-
trol [9], [10] iterative learning control (ILC) [11], [12], repet-
itive control [13], sliding mode control (SMC) [14], [15], and
model predictive control (MPC) [7], [16]. The conventional
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PI control has a simple structure compared to the advanced
control strategies [2]. However, it is difficult to effectively
suppress the torque ripples because it is vulnerable to the
parameter uncertainties and external disturbances [8]. The
deadbeat control can be merged with the prediction algorithm
to reduce the torque ripples [9]. However, the torque ripples
are reduced to a few percent and the complexity are increased
due to the feedforward compensators that should be tuned
for the specific motor [10]. The ILC can supply an internal
model which can compensate for any periodic components
in the torque [11]. However, this method has considerable
torque ripples because it does not consider the dynamics of
load torque [12]. In [13], the repetitive control eliminates
the periodic tracking errors and torque ripples of the control
loop by using some compensation control terms. However,
it has the inherent problems that the controller gains should
be carefully selected and the system response is slow. The
SMC can deal with both the periodic torque ripples and
non-periodic disturbances of the system [14]. However, it is
difficult to determine the upper limit of system disturbances
owing to the sliding mode chattering [15]. In recent years,
the MPC is being considered as an attractive method in the
SPMSM drives due to its fast dynamics at different system
constraints [7]. However, the large torque and current ripples
in both the steady and transient states degrade the perfor-
mance of the SPMSM drives [16]. These MTPA based control
methods have been presented to reduce the copper loss in the
SPMSM drives and improve the drive efficiency [2], [7]-[16].
However, these methods cannot effectually reduce the iron
loss because the core loss resistance is not considered in
the control design for an SPMSM drive. Thus, despite the
reduced copper loss, it is difficult for the MTPA method to
effectively reduce the electrical losses which consist of both
the copper loss and iron loss [2], [7]-[16].

To minimize the electrical losses of the SPMSMs, the loss
minimization (LM) techniques are presented, which employ
an appropriate nonzero d-axis current (NZDC, iz # 0)
control with a core loss resistance [17]-[21]. In these tech-
niques, as the speed increases, the d-axis stator current
generally increases, which results in the increased copper
loss [17], [18]. In the LM techniques [19]-[21], the search-
based methods and model-based methods are mainly uti-
lized to minimize the electrical losses. First, the former
does not require the SPMSM parameters, so it is easy
to implement. However, it may lose out on the dynamic
performance and suffer from the toque ripples [19]. Next,
the latter depends on the motor parameters, but it is
widely used because of their fast dynamic response and
reduced torque ripples as compared to the search-based meth-
ods [20], [21]. Moreover, few researches have been pre-
sented in the literature on minimizing the torque ripples
with LM techniques, but the torque ripples are less reduced
compared to the MTPA based control designs [22], [23].
Thus, using either the MTPA or LM control has a trade-
off between the torque ripples and electrical losses in the
SPMSM drives.
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This paper proposes an improved torque ripple
minimization (TRM) technique using model-based loss
minimization (LM) control that can lower the torque rip-
ples and improve the efficiency for voltage source inverter
(VSI)-fed SPMSM drives. The advantages of the proposed
TRM method are summarized as follows: 1) As compared
to the model-based LM technique [19]-[21], the torque
ripple components are significantly reduced owing to
the appropriately selected d-axis current value by making the
derivative of the electromagnetic torque equal to zero in the
SPMSM drives. 2) Even if the d-axis stator current increases
the copper loss of the SPMSM, the proposed TRM control
approach with a core loss resistance minimizes the electrical
losses by achieving the smaller iron loss compared to the
conventional MTPA. The comparative experimental stud-
ies on a prototype VSI-fed SPMSM drive with a TI
TMS320F28335 digital signal processor (DSP) are per-
formed to check the improved torque ripples and efficiency
between the proposed model-based TRM, the conventional
model-based MTPA, and the conventional model-based LM.

Il. TRM CONTROL DESIGN USING MIODEL-BASED LM
WITH A CORE LOSS RESISTANCE FOR SPMSM DRIVES
This section presents an improved TRM method using
model-based LM with a core loss resistance (CLR) for
SPMSM drives to decrease the torque ripples and enhance
the efficiency as compared with the conventional MTPA with
ZDC (i.e., igs = 0) without a CLR [4]-[6].

A. DYNAMIC MODEL FOR SPMSM DRIVES
The conventional dynamic model of the SPMSM in the
rotating d-q reference frame [1]—[3] can be described as

w = kiigs — kow — k3TL,
iqs = _k4iq_y — ks + kévqx — wigy

ey

igs = —kaigs + kevas + qus

2
As = JAg+22

where
31p? B )4 Ry
k=L b= k= o k=,
V=g BT BT M T
Am 1
ks =210 ke = —,
T T

w is the rotor speed, iys and iy are the stator currents in the
d-q frame, Ty is the load torque, vgs and vy are the stator
voltages in the d-g frame (i.e., control inputs), Ly and Ry are
the stator inductance and resistance, p is the number of poles,
J is the moment of inertia, B is the coefficient of viscous
friction, A,, is the magnet flux linkage, A, is the stator flux
linkage, and Ay (=Lsigs + Am) and A, (=Lsiys) are the stator
flux linkages in the d-g frame, respectively. Fig. 1 shows the
conventional equivalent circuit model for SPMSM drives in
the rotor reference frame.

The electrical losses (P7) of SPMSMs, which consist of the
copper loss (Pcy) and iron loss (Pp.), can be approximately
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FIGURE 1. The conventional equivalent circuit model for SPMSM drives in
the rotor reference frame. (a) d-axis. (b) g-axis.

calculated as [17], [18]
Pr = Py + Pre = Ry(ig, + i7) + Py + Peagy ~ (2)

where Pe, = Ry(i+ i2), Pre = Py + Prady» Phy is
the hysteresis loss, and Pggqy is the eddy current loss. Also,
the Pyy and Pgqqy of the iron loss (Pr,) are determined by the
flux density (B) and rotor speed (w) as

Pre = Phy + Praay = knyBP o + kgaqyB*
~ kFeBza)y (3)

where Py, = kHyBﬂa), PEaay = kEddsza)z, kry, kgday, and
kr. are constants, § is in the range of 1.8~2.2, and y is in the
range of 1.5~1.6 [19]-[21]. Based on the dynamic model (1),
the iron loss (3) can be expressed by the stator flux
linkage (X) as

Pre = Cra’ 3 = Cre” (3 +12)
= Cro' ((Lsids + Am)? + Lfif]s) 4)

where Cp, is the iron loss coefficient.

As clearly presented in (4), it is difficult for the
MTPA method with ZDC (i.e., igzg = 0) to effectively
minimize the electrical losses despite the reduced copper
loss because the d-axis stator flux linkage (Ag), which
affects the iron loss (Pp.), cannot be controlled with this
method [19]-[21].

B. IMPROVED TRM METHOD USING MODEL-BASED LM

In the SPMSM drives, the torque ripples and electrical losses
should be minimized simultaneously to improve the dynamic
performance [4]-[6] and motor efficiency [19]-[21]. Gener-
ally, the conventional MTPA method is employed to reduce
the torque ripples and minimize the copper loss by utiliz-
ing the ZDC (i.e., izy = 0). However, the iron loss (Pr.)
cannot be minimized because of no control on the d-axis
stator flux linkage (A4) [19]-[21]. On the other hand,
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the model-based LM method with a core loss resistance mini-
mizes the electrical losses by choosing the appropriate d-axis
demagnetizing current (i,4) and reducing the iron loss (Pr).
However, the conventional LM method cannot effectively
reduce the torque ripples in the SPMSM drives [22], [23].
Thus, this paper presents an enhanced TRM method using
the model-based LM with a core loss resistance to reduce
both the torque ripples and electrical losses of the SPMSM
drives. Fig. 2 shows the equivalent circuit model with a
simplified R. for SPMSM drives where iy (=igs — ioq) and
icq (=igs — log) are the core loss currents in the d-g frame,
ioq and iy, are the d-axis demagnetizing current and g-axis
torque-generating current, respectively, and v,¢ and v,q are
the core loss voltages in the d-g frame.

iz R, — 0Ll +

FIGURE 2. The equivalent circuit model with a simplified core loss
resistance for SPMSM drives in the rotor reference frame. (a) d-axis.
(b) g-axis.

From the equivalent circuit model with a simplified core
loss resistance (CLR) shown in Fig. 2, the dynamic model (1)
can be modified as the following [19]-[21]:

o = kiiog — kow — k3TL
ioq = _k4i0q — nksw + k6vqs — Nwipd

&)

iod = —kaiog + kevas + nwioq

As = V )”id + )‘(ZJq

where Aog (=Lgioq + M) and doy (=Lgiog) are the stator flux
linkages in the d-g frame, n (=1 + R /R.) is the resistance
ratio, and R, is the CLR.

From the dynamic model (5) of the SPMSM with a CLR,
the electromagnetic torque (7) is given by

3 3 k
- _g ()‘miﬂq + (qu - Ld‘v) iﬂdiﬂq) ==t mlog = éi"q

22
(6)
where it is considered as the Ly, = Lyg = Ly for the SPMSM.

It is noted that the minimum torque ripples are achieved
by differentiating the 7, in (6) and then setting it to zero

T,
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as dT,/dt = 0. Thus, the time derivative of the electromag-
netic torque (i.e., torque ripple components, d7,./df) can be
expressed as follows:
dl. _ki. ki . .

d: = Eloq: E (_k4loq_77k5w+k6vqs - nwlod) . @)

The above equation (7) implies that the torque ripples can
be minimized (i.e., dT./dt = 0) by using the following d-axis
demagnetizing current reference (i,q,):

kaiog n kevgs .
nw nw

®

lodr = —ks —

Considering the stator voltage and current constraints [22],
the proposed TRM (8) can be rewritten as

0 if igs >0
iodr = { lodr in (8) if = \imax — igs <ias <0 (9)

[ — i35 otherwise

where g (Zx/(l%s*' igs)) is the maximum stator current

determined by the rated current of the machine and inverter.
From the first-order derivative of the T, (7), the second-

order derivative of the T, is given by

d°T, d (k.
da? (E"”f)

ks, bk vk d
T ok ks ks dt
where the first-order derivative of the v, is zero
(i.e., vgs = 0). From the dynamic model (5) of the SPMSM,
it can be rewritten as

(wioa)  (10)

d’T, kiky , .
?ze = _X (_k4loq — nksw + kevgs — nwlod)
dTe/dt
_ nkiks

(klioq —kyow — k3TL)

_m ((klioq—kga)—k3TL) lod ) (a0
ks \ +ow (—k4i0d + kevas + na)ioq) ’

Since dT,./dt = 0 based on (7), it can be rewritten as

d*T, nkiks . .
7 —T (klzoq —kw — k3TL)
Term 1
nkiioa ,, .
- 30 (klloq — kyow — k3TL)
Term 2
nkiw . .
— I (—k4lod + kgvas + r/a)l(,q) . (12)

Term 3

Based on the nominal parameters of the SPMSM, Term 3
is positive and the most dominant one in (12) as compared to
Terms I and 2, where vyg = (kaiog —nwiog)lke < 0in Term 3.
Thus, it can be inferred that the second-order derivative of the
T, is greater than zero (i.e., d 2T,/df* > 0) which proves that
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the minimum value of electromagnetic torque ripples can be
achieved at dT,/dt = 0.

Thus, the torque ripple components (i.e., dT./dt (7)) are
significantly reduced owing to the proposed TRM law (8)
and voltage and current constraints (9). Note that the torque
ripple factor (TRF) is presented to evaluate the effectiveness
for torque ripple minimization as [24]

TRF (%) = K% 100 (13)
rated
where Ty pi is the peak-to-peak torque ripple and Tyreq is
the rated torque.

Remark 1: Based on the dynamic model (5) and Fig. 2,
the iron loss (4) can be expressed by the core loss resistance
and core loss currents in the following [17]-[20]:

vzd + ng w?

. \2 .
Pr, = R—c = R_c ((leoq) + (Am +leod)2>

2
2 (2422 =R (2 + ) (14)
Cc

where icg = —wLgiog/Re and icy = (wAm + @Lsioq)/Re. It is
noted that the average voltage across the stator inductance
(L) is zero in the steady-state [19]-[21]. It can be seen
from (14) that the iron loss (Pg.) can be reduced with the
negative d-axis demagnetizing current (i,q). Thus, the value
of the d-axis stator current (igs (=i,q + icq)) is also negative.
Based on the dynamic model (1), the injection of the nega-
tive iyy affects the air-gap field and the v, which includes
the back-EMF (i.e., wA;,), so it can change the speed of
an interior PMSM (IPMSM) that operates in the constant
power region [25]. However, for the SPMSM, the 7, is not
affected because it only works in the constant torque region
(i.e., below the rated speed (wqreq)) and is determined by
the magnetic flux (A,,) and g-axis current (i) as shown
in (6). Fig. 3 shows the voltage and current limit boundaries
of the conventional MTPA and the proposed TRM for an
SPMSM drive where the voltage limit boundary is centered
at (—A,u/Lg, 0). As shown in Fig. 3, the voltage limit ellipse
decreases due to the proposed TRM (8) below the wyqreq
(i.e., constant torque region). However, it is still large enough

o A
I i
S Increase gs
= /
“mm-- e Circle 3p., .
:Z/\ e I =——}_m1qj
Voltage Limit TRy, g 22
Ellips PR Electromagnetic
pse e SR Torque
7
3 i
. /4 f
(= Ldss ]qs' ) !
L in the Controllable I in the
Proposed TRM Conventional MTPA
Region
I ;
| i
Am
-2m.0
LS

FIGURE 3. Voltage and current limit boundaries of the conventional MTPA
and the proposed TRM for an SPMSM drive.
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FIGURE 4. Block diagram of the proposed TRM with a core loss resistance for an SPMSM drive.

to encompass the current limit circle, so the T, in (6) is not
affected due to the constant value of iy.

Consequently, the proposed TRM law (8) can improve
at once the torque ripples and efficiency compared to the
conventional MTPA method with ZDC (i.e., iy, = 0) without
a core loss resistance [2].

Remark 2: In the conventional model-based LM
method [20] that can minimize the electrical loss (P7), the
d-axis demagnetizing current reference (ig%) in (15) is
obtained by differentiating the Pr with respect to i,y and then
putting the derivative to zero (i.e., dPr/di,q = 0). Thus, the

zﬁﬁ}’f can be expressed by the resistance ratio () as

av _ @@L +Re)
odr RyR2 + w2L2(Rs + R.)
kakskeR,

_— 15
> kskeR: + new? (1)

Based on the conventional LM method (15) and the pro-
posed TRM method (8), it can be seen that the values of i,g;
in both methods are different in the low and medium-speed
regions because they are determined by several parame-
ters such as the Lg, Ry, and A, as compared to the rotor
speed (w). Contrarily, it can be noted that in the high-speed
region (i.e., above about 80% of rated speed), the value
of iyqr in the proposed TRM method (8) is almost the
same as the value of iﬁ% in the conventional model-based
LM method (15). It means that the speed w exists in a denom-
inator of i,4, in both methods, so it can be ignored at the high
speed and then only —k5 (=—A,,/Ls) remains as follows:
i = ks + % ~ ks, if ol > 1, (160
kaiog n Im

nw nw

Thus, the proposed TRM law (16b) can also reduce the
iron loss (Pr.) as the ié‘% (16a) in the high-speed region

lodr = —ks — ~ —ks, if |o|>1. (16b)
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(i.e., above rated speed). It means that the proposed
TRM law (8) can reduce the electrical losses (Pr) in the
high-speed region, similar to the conventional model-based
LM method [20] as presented in (16a). Fig. 4 shows the
block diagram of the proposed TRM with a core loss resis-
tance (CLR) for an SPMSM drive using the conventional
speed and current controllers where w, is the speed reference
and iyqe and iyqe are the input errors of the current controller
in the d-g frame, respectively. In case of the conventional
MTPA method without a CLR, the i, and iyg are equal to
the iy and iy, respectively because the value of the R is
infinite (i.e., icg = icy = 0). Note that the proposed TRM can
be applied to various types of controllers (e.g., PI controller,
linear quadratic regulator (LQR), fuzzy controller, etc.) that
are likely to decrease the torque ripples and improve the
efficiency.

In this paper, the design procedure for the proposed model-
based TRM (9) is summarized as follows:

Step 1) Build the dynamic model of the SPMSM with
a core loss resistance (5) in the synchronously
rotating d-g frame.

Step 2) Select the d-axis demagnetizing current reference
(iodr) (8) by differentiating the Py with respect
to i,q and then putting the derivative to zero as
dPr/di,q = 0.

Step 3) Select the i,q by considering the stator voltage
and current constraints in (9). Since the i,4, in (9)
should exist within the value of the Iy, to obtain
the optimum value of the d-axis current and main-
tain the high-torque capability in the SPMSM
drives [2]. Thus, if the i,4, exists within the voltage
and current constraints, then quit, or else, return to
the start of Step 3.

Step 4) Get the control input (vg4s and vgs) by taking the
iode and iyge as the inputs to the current controller.
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I Measure the iy, i,,, and @ |

Build
the dynamic model of
the SPMSM with core loss
resistance (5)

System
Modeling

Select the i, (8)
by dP,/ di, =0

Does the i ;>
exist within the
voltage and current
constraints (9)?.

Proposed TRM

Get the

control commands
vy and v,

Proposed
TRM

A4
Calculate the copper loss
(P¢,) in (2)

Calculate the iron loss (P,)
in (14)

|

Calculate the

Loss Calculation

electrical losses (P;)
in (2)

FIGURE 5. Flowchart of the proposed model-based TRM for an SPMSM drive.

Step 5) Calculate the electrical losses (P7) which consist
of the copper loss (Pcy) in (2) and iron loss (Pr,)
in (14).

For an easy understanding, Fig. 5 illustrates the flowchart
of the proposed model-based TRM with a core loss resistance
for an SPMSM drive using the conventional speed and current
controllers.

lll. COMPARATIVE EXPERIMENTAL RESULTS AND
VERIFICATIONS

To demonstrate the efficacy of the proposed TRM law,
three control methods (i.e., the proposed model-based TRM,
conventional model-based MTPA [2], and conventional
model-based LM [20]) are comparatively investigated with
the conventional PI speed and current controllers in a
cascaded control structure that have been widely used
in the industry owing to its simplicity and satisfactory
performance [2], [8].

A. HARDWARE PLATFORM

Fig. 6 exhibits the overall schematic diagram and experi-
mental prototype with a DSP-based VSI-fed SPMSM drive.
The nominal parameters of an SPMSM experimental plat-
form in Table 1 are measured by the LCR meter (LCR-819)
and provided by the KOMOTEK CO., LTD. (KANZ series
servo motor specifications). As shown in Fig. 6, an incre-
mental encoder (E40H6-2500) is installed to obtain the rotor
position (9) and speed (w) of an SPMSM drive and two
stator phase currents (iy, ip) are measured by Hall effect
sensors (ACS712T).

115022

TABLE 1. Nominal parameters of a prototype SPMSM drive.

System Parameters Descriptions Values
Switching Frequency fow 5 [kHz]
Sampling Time T; 200 [ps]
Rated Power Proseq 750 [W]
Rated Torque Trated 2.4 [N-m]
Rated Speed rated 3000 [r/min]
Rated Iglglstz gt: Phase Vs 220 [V]
Rated Phase Current Lated 43[A]
Stator Inductance L 3.2 [mH]
Stator Resistance R 0.43[Q]
Magnetic Flux Linkage A 0.085 [V-s/rad]
Equivalent Rotor Inertia J 0.002 [kg-m?]
Number of Poles p 8
Viscous Friction Coefficient B 0.0002 [N-m-s/rad]

Next, the stator currents (igs, igs) in the d-g frame can
be obtained from the measured two stator phase currents
(ig, ip) via Park’s and Clarke’s transformations. In this paper,
the command signals (vg4s, vgs) from the PI current con-
troller are generated by the space vector pulse width mod-
ulation (SVPWM) algorithm in real-time and then sent to
the three-phase inverter through a TI TMS320F28335 DSP
board. Also, the switching frequency (f;,) and sampling
time (7) are selected as 5 kHz and 200 us, respectively. Note
that the core loss resistance (i.e., R.) is directly obtained with
the above specifications of the SPMSM [19]-[21] as

o? (13 +22)
Ro=—— 7 —129.06[Q] 17)
‘ Py — Poy (
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FIGURE 6. Experimental platform with a DSP-based VSI-fed SPMSM drive. (a) Overall schematic

diagram. (b) Experimental prototype.

where Py and P,,, are the semi-input power and output
power, respectively. Based on (14) and (17), the electrical
losses (Pr) which consist of the copper loss (P¢y) in (2) and
iron loss (Pr.) in (14) can be estimated.

The comparative experiments of the three control methods
are performed with the conventional PI speed and current
controllers under the following two cases:

Case I: Speed step-change (i.e., w,: —600 — 1200 —
3000 r/min) under 77, set at 2.4 N - m.

Case 2: Load torque step-change (i.e., 77: 0.48 — 1.44 —
2.4 N - m) under w, set at 3000 r/min.

According to the commonly used PI tuning rules [2], [8],
the PI current controller bandwidth w.. (w¢e = 27 -200 rad/s;
fee = 200 Hz) is chosen as 1/25 of the f; (=5 kHz), whereas
the PI speed controller bandwidth wg. (wge = 27 - 25 rad/s;
fse = 25 Hz) is selected as 1/8 of the w,..

B. TORQUE RIPPLE MINIMIZATION INVESTIGATION
Fig. 7 demonstrates the comparative experimental results
of the three control methods under Case 1. As the speed
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reference (w,) suddenly changes (i.e., @,: —600 — 1200 —
3000 r/min), the significant torque ripples can be found in
the conventional MTPA (i.e., 1.06/1.02/1.02 N - m, respec-
tively) and the conventional model-based LM (i.e., 1.17/1.18/
1.14 N - m, respectively) during the steady-state at each speed
as shown in Fig. 7(a)-(b). Meanwhile, Fig. 7(c) shows a
remarkable reduction in torque ripples by using the proposed
TRM (i.e., 0.77/0.76/0.71 N - m, respectively). In Fig. 7, the
g-axis stator currents (i) of the three different control meth-
ods remain at 5.1 A during the steady-state correspond-
ing to the load torque of 2.4 N - m. Moreover, it can be
seen in Fig. 7(a) that the iy, of the conventional MTPA is
almost zero, while the iy, values of the conventional LM
and the proposed TRM in Fig. 7(b)—(c) are observed as
—1.20/—1.32/-2.51 A and -0.3/-2.1/-2.82 A during the
steady-state, respectively.

Fig. 8 shows the comparative experimental results of the
three control methods under Case 2. As the Ty, abruptly varies
(i.e.,T7: 048 — 1.44 — 2.4 N - m), the conventional MTPA
(i.e., 0.94/0.98/0.96 N - m, respectively) and the conventional
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FIGURE 7. Comparative experimental results under Case 1.
(a) Conventional model-based MTPA. (b) Conventional
model-based LM. (c) Proposed model-based TRM.

model-based LM (i.e., 1.10/1.12/1.08 N - m, respectively)
shown in Fig. 8(a)—(b) have some significant torque ripples in
the steady-state, respectively. Meanwhile, the proposed TRM
during the steady-state in Fig. 8(c) shows the comparatively
reduced torque ripples of 0.72/0.69/0.63 N - m, respectively.
With the increase in the 77, the values of the iy in the
three different control methods also rise as 1.72/3.63/5.1 A,
respectively. In Fig. 8(a)-(b), the iy; in the conventional
MTPA (0 A) and the conventional LM (-2.52 A) are almost
constant. However, Fig. 8(c) highlights that the iz of the
proposed TRM increases (i.e., —1.56/-2.53/-2.81 A, respec-
tively) as the T increases to utilize the optimal values of
the ig;.
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FIGURE 8. Comparative experimental results under Case 2.
(a) Conventional model-based MTPA. (b) Conventional
model-based LM. (c) Proposed model-based TRM.

C. ELECTRICAL LOSSES INVESTIGATION

Fig. 9 indicates the electrical losses (Pt = Pcy+ Pre)
of the three control methods under Case 1. As the
speed reference (w,) increases (i.e., w,: —600 —
1200 — 1800 — 2400 — 3000 r/min), it can be
shown from Fig. 9 that the P7 increases. In Fig. 9(a),
the conventional model-based MTPA has the lower cop-
per loss (Pcy) (ie., 11.14/11.18/11.32/11.45/11.45 W,
respectively) because it minimizes the stator current by
achieving the MTPA without considering the core loss
resistance. Meanwhile, the iron loss (Pr,) for the proposed
model-based TRM (i.e., 3.6/12.31/27.36/46.81/71.21 W,
respectively) and the conventional model-based LM
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(i.e.,3.13/11.59/24.38/42.61/65.18 W, respectively) are lower
than that of the conventional MTPA (i.e., 3.65/14.51/
32.74/58.66/86.05 W, respectively). At each speed change
point, it can be observed from Fig. 9 that the Pr of the
proposed model-based TRM (i.e., 14.78/25.43/40.69/61.21/
86.12 W, respectively) is less than the P7 of the conventional
model-based MTPA (i.e., 14.79/25.69/44.06/70.11/97.5 W,
respectively).

Fig. 10 shows the values of the Pr in the three
control methods under Case 2. Unlike the lower Pcy
(i.e., 1.33/3.18/5.45/8.75/11.45 W, respectively) of the con-
ventional model-based MTPA during the load torque (77)
change (e, Tr: 048 — 096 — 144 — 192 —
24 N - m) under w, set at 3000 r/min, the conven-
tional model-based LM has the lower values of the Pp,
(i.e., 64.57/64.82/64.96/65.09/65.18 W, respectively) and
Pr (ie., 68.52/70.69/73.34/76.74/79.4 W, respectively).
Moreover, the conventional model-based LM is similar
to the proposed model-based TRM in terms of the Pp,
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(i.e., 70.52/70.61/70.97/71.04/71.21 W, respectively) and Pr
(i.e., 72.84/75.4/79.23/82.69/86.1 W, respectively) because
they seek out the optimal values of the iz for minimizing the
electrical losses (Pr) [19]-[21].

Table 2 summarizes the comparative torque ripples (TRs),
stator currents (igs and iz), and iron loss (Pp,) of the three
control methods under Case I (i.e., w,: —600 — 1200 —
1800 — 2400 — 3000 r/min under 77 set at 2.4 N - m).
Based on the evaluation of the effectiveness for the torque
ripple minimization (13), it can be observed that the proposed
model-based TRM attains the smaller TRs (i.e., TRs: 0.71 to
0.79 N-m) with smaller torque ripple factor (TRF) (i.e., TRF:
29.1 to 32.38%) than the conventional model-based MTPA
(i.e.,TRs:1.02to 1.06 N-m and TRF: 41.8 to 44.16%) and the
conventional model-based LM (i.e., TRs: 1.14 to 1.19 N - m
and TRF: 46.72 to 48.77%). Under the fixed load torque
(2.4 N - m), the iy values in the three different control
methods are maintained at 5.1 A. On the other hand, the iy is
almost zero for the conventional MTPA and increases for the

115025



IEEE Access

J. Kim et al.: Improved TRM Technique With Enhanced Efficiency for SPMSM Drives

TABLE 2. Comparative torque ripples, stator currents, and iron loss of the
three control methods under Case 1.

TABLE 3. Comparative torque ripples, stator currents, and iron loss of the
three control methods under Case 2.

Control | Speed | Power TRs TRF [ igs Pr,
Method | (r/min) (W) N'm) | (%) (A) (A) (W)
—600 150.80 | 1.06 | 44.16 0 5.09 | 3.65

1200 | 301.59 | 1.02 | 41.80 0 5.1 | 1451
® 1800 | 45239 | 1.03 | 4221 0 5.13 | 32.74
2400 | 603.19 | 1.03 | 42.21 0 5.16 | 58.66

3000 | 753.98 | 1.02 | 41.80 0 5.16 | 86.05

—600 150.80 | 1.17 | 48.75 | —1.20 | 5.1 3.13
1200 | 301.59 | 1.18 | 4836 | —-1.32 | 5.11 | 11.59

@ 1800 | 45239 | 1.16 | 47.54 | —1.56 | 5.12 | 24.38
2400 | 603.19 | 1.19 | 48.77 | —2.07 | 5.16 | 42.61

3000 | 753.98 | 1.14 | 46.72 | =2.51 | 5.17 | 65.18

-600 150.80 | 0.77 | 32.08 | —0.3 5.1 3.6

1200 | 301.59 | 0.76 | 31.15 | —2.1 | 5.11 | 12.31
€} 1800 | 45239 | 0.77 | 31.56 | —2.19 | 5.12 | 27.36
2400 | 603.19 | 0.79 | 3238 | —2.62 | 5.16 | 46.81

3000 | 75398 | 0.71 | 29.10 | —2.82 | 5.17 | 71.21

Note that the “@”, “®@”, and “®” represent the conventional model-based
MTPA, the conventional model-based LM, and the proposed model-based
TRM, respectively.

conventional LM (from —1.20 to —=2.51 A) and the proposed
TRM (from O to -2.82 A). As the speed increases from
—600 to 1200 r/min and 1200 to 3000 r/min, the iy, of the
proposed TRM suddenly increases from —0.3 to —2.1 A and
—2.1 to —-2.82 A, respectively. In Fig. 9 and Table 2, the con-
ventional LM and the proposed TRM have a significantly
lower Pp, than the Pc,, which ultimately leads to the lower
electrical losses (Pr) compared to the conventional MTPA.
Meanwhile, the conventional LM has lower P7, but it has
higher TRs. Thus, in order to achieve the lower TRs and
lower Pr, the proposed model-based TRM is superior to
the conventional model-based MTPA and the conventional
model-based LM.

Table 3 encapsulates the comparative torque ripples (TRs),
stator currents (igs and iy), and iron loss (Pg.) under Case 2.
It can be seen that the smaller TRs with smaller TRF
are observed in the proposed model-based TRM (i.e., TRs:
0.63 to 0.74 N - m and TRF: 25.82 to 30.33%) than the
conventional model-based MTPA (i.e., TRs: 0.92 t0o 0.98 N-m
and TRF: 37.7 to 40.16%) and the conventional model-based
LM (.e., TRs: 1.08 to 1.1 N - m and TRF: 44.26 to 45.08%).
With the increase in the load torque, the values of the iy
in the three different control methods also rise. Unlike the
conventional MTPA, the values of the iy in the conventional
LM and the proposed TRM are more negative, which results
in the larger Pc,. However, the smaller electrical losses (Pr)
of the conventional LM and the proposed TRM are observed
than that of the conventional MTPA due to a significant
reduction in the iron loss (Pfg). As seen in Fig. 10 and
Table 3, the reduction capability of the Pr in the conventional
LM and the proposed TRM is almost the same, but the
TRs in the conventional are higher. Thus, by considering the
tradeoff between the TR and P, the proposed model-based
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Control TI;;’ZSS Power | TRs | TRF | ix | iy | Pr
Method
am | W (Nm %W | @ @] w
048 | 15080 | 094 | 3852 | 0 | 176 | 8543
096 | 30159 | 092 [37.70 | 0 | 2728555
® 144 | 45239 | 098 | 4016 | 0 | 3.6 | 8575
192 | 603.19 | 093 | 3811 | 0 |451 | 8582
24 | 75398 | 096 | 3934 | 0 | 516 | 86.05
048 | 150.80 | 1.10 | 45.08 | —2.48 | 1.74 | 64.57
096 | 301.59 | 1.08 | 44.26 | —2.51 | 2.71 | 64.82
@ 144 | 45239 | 1.1 | 4508 | -2.54 | 3.61 | 64.96
192 | 603.19 | 1.09 | 44.67 | —2.49 | 4.57 | 65.09
24 | 75398 | 1.08 | 4426 | 252 | 5.17 | 65.18
048 | 15080 | 0.72 | 29.51 | -1.56 | 172 | 70.52
096 | 30159 | 0.74 | 30.33 | —2.03 | 2.65 | 70.61
® 144 | 45239 | 0.69 | 2828 | —2.53 | 3.58 | 70.97
192 | 603.19 | 071 |29.10 | —2.75 | 4.42 | 71.04
24 | 75398 | 0.63 | 2582 | -2.81 | 5.17 | 71.21

Note that the “©”, “@”, and “®” represent the conventional model-based
MTPA, the conventional model-based LM, and the proposed model-based
TRM, respectively.

TRM has the improved performance over the conventional
model-based MTPA and conventional model-based LM.

IV. CONCLUSION

This paper proposes an enhanced TRM technique using
model-based LM control for VSI-fed SPMSM drives with a
core loss resistance. In this paper, the proposed control design
is targeted to decrease the torque ripples and improve the effi-
ciency. Then the proposed TRM is validated by the compar-
ative experimental studies on a prototype SPMSM drive with
a real-time TI TMS320F28335 DSP. From the comparative
experimental results, it is observed that the torque ripples of
the proposed model-based TRM are significantly reduced in
comparison with the conventional model-based MTPA and
conventional model-based LM by selecting the appropriate
value of the demagnetizing reference current (iyqr). Even
if the d-axis stator current increases the copper loss (Pcy)
of the SPMSM, the proposed TRM minimizes the electrical
losses (Pr) similar to the conventional model-based LM by
achieving the smaller iron loss (Pg,) than the conventional
model-based MTPA.
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