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Abstract: The highway cycle is an important consideration in the EV’s new European driving
cycles (NEDCs) range, as the steady-state efficiency improvement in such conditions can be greatly
beneficial. In the model predictive control (MPC) of the permanent magnet synchronous motors
(PMSMs), the predicted next-step feedback reference generated by the equivalent circuit model (ECM)
will contribute directly to the voltage vector selection, therefore influencing the performance of the
motor control. In the current MPC scheme, when the conventional ECM is applied, it only considers
copper loss, and the core loss is usually disregarded. In some circumstances, such as the highway
cycle of EVs, the motors are at high speed, the torque is low, and the core loss can be significant in the
losses, thus affecting the accuracy of control and the efficiency of the system; hence, the introduction
of core loss ECM into the MPC would be beneficial. This paper aims to investigate the steady-state
efficiency improvement of a novel ECM of PMSM considering core loss ECM, and the comparison
will be based on model predictive direct torque control (MPDTC) using the core loss ECM, which
will be compared to MPDTC with the conventional ECM of the PMSM. The results demonstrate the
proposed ECM'’s efficiency improvement in various conditions, the limitations of the model and the
simulation are discussed, and future work is proposed.

Keywords: core loss; equivalent circuit model; efficiency improvement; model predictive control;
permanent magnet synchronous motor; interior permanent magnet synchronous motor; loss minimization
algorithm

1. Introduction

With the booming of the electric vehicle (EV) industry in recent years, the application
of drive systems has grown more demanding. The choosing of a motor is one of the most
important parts of designing a drive system, and the selection of motors comes from the
four major types [1]—DC, induction, switched reluctance (SR) [2], and permanent magnet
(PM) brushless (BL) drives. The requirements for the motor focus on the following [1]:

(1) Reliability and robustness;

(2) Torque and power density;

(3) Dynamic performance;

(4) Very wide speed range;

(5) The energy efficiency of high-speed cruising.

Under such requirements, as part of PM BL drives, the permanent magnet synchronous
motor (PMSM) demonstrates its strength compared to the brushed motor and induction
motor. The PMSM is a common type of synchronous motor that is commonly used in the
modern world, and its rotor structure contains permanent magnets that provide a magnetic
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field in the motor. Its benefits include less copper material for winding, less copper loss,
and higher power density, as well as high torque density [1,3]. It is widely applied in real
life and is emerging with its wide application into the field of electric vehicles [4,5].

1.1. Gap and Motivation

One of the most important characteristics that manufacturers are promoting in their
modern EVs and using to compete with others is the travel range of EVs under the World-
wide Harmonized Light-Duty Test Procedure (WLTP) drive cycle, or new European driving
cycles (NEDCs) [6]. These are the standards that define different driving conditions; under
NEDC, the highway cycle is investigated. In this particular driving condition, the EV
is traveling at a constant high speed, the torque is relatively low as there is only road
friction and wind drag to overcome, and the motor tends to be in a higher speed, but lower
torque operation condition [7]. The study of efficiency improvement under such working
conditions can benefit the range and is the focus of this research.

In this paper, a brief literature review of the existing MPDTC strategy is discussed.
The differences between the conventional ECM and the core loss ECM are explained, as
well as the circumstances in which core loss could be significant and hard to neglect. In
such scenarios, the difference and importance of the core loss ECM are demonstrated, hence
revealing the research gap in improving the steady-state efficiency of MPDTC by using a
better-described core loss ECM [8]. In this study, the accuracy of the core loss ECM and its
robustness are not the focus of the study—the study focuses on the efficiency improvement
produced by applying the core loss ECM to MPDTC. It is discussed by comparing the
simulation results between using MPDTC with the conventional ECM and using MPDTC
with the core loss ECM. The EV’s highway cycle is the focus—in this circumstance, the
motor is on high speed and underloaded, and the corresponding LMA is applied to help
with flux weakening. In addition, the nominal load and overload performance are included
and briefly discussed.

1.2. Literature Review

Regarding the control method, the popular control methods for PMSM are field-
oriented control (FOC) and direct torque control (DTC). They have their strengths, however,
compared to the application of the MPC in EVs, their shortcomings are obvious—for
instance, the FOC will require fine-tuning of parameters, and DTC does not have good
efficiency performance [9]. Also, when comparing the hardware losses, such as the sam-
pling frequency, flux, and torque ripple, the model predictive control (MPC) has significant
strength compared to them both [10,11]. This study will base itself on the MPC, and the
performances of FOC and DTC will not be further discussed.

While the conventional PMSM motor control algorithms use the conventional equiv-
alent circuit model (ECM), they tend to disregard core losses, and this makes sense in
low-speed motors with low pole numbers [8]. However, a more described model of PMSM
considering core loss can benefit motor control greatly and should be considered in some
applications, for instance, when the motor is at its high-speed range [12,13], or when there
is a special design used in the core material—such as Soft Magnetic Composite (SMC)
material [14,15]—as the core loss may overtake copper loss as the dominant loss in the
motor. The difference of the ECM is particularly applicable in the MPC, as the MPC uses the
mathematical model of the motor to produce next-step predictions [16,17]. The predicted
performance characteristic of choices (usually two) [11,16] has the advantage of its time-
liness over the measured and evaluated feedback from the motor. The timelier next-step
feedback is closer to reality than the evaluated feedback from the past, and particularly
in steady-state it can then be compared to the generated references, and the best voltage
vector can be selected. Therefore, a more suitable voltage vector would be applied, thus
improving efficiency [18].

The loss minimization algorithm (LMA) is equally important [19,20], and since the
efficiency comparison between the MPDTC using the conventional ECM and the MPDTC
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using the core loss ECM needs to be concluded, there are a few simulation parameters
that need to be kept constant, such as the motor parameters, the cost function parameters,
and most importantly, the torque and flux references. The LMA in this circumstance can
generate references that are relatively more consistent in different ECMs, therefore the
results can be more easily compared to each other. However, since the ECM has been
updated to the core loss ECM, there will be some changes in the LMA, despite the fact that
they are both intended to minimize the power losses. In addition, the copper loss and core
loss minimization algorithms are also discussed in this paper.

1.3. Research Method
1.3.1. Concept

The study presents an efficiency performance comparison between the conventional
ECM model and the core loss ECM of PMSM, embedded in one-step-ahead prediction
embedded in MPDTC. With the different ECMs, a separate LMA strategy will be considered
as best practice with each ECM.

1.3.2. Assumptions

The comparison will be performed using linear models, and changes in the model
parameters due to impacts, such as temperature, rotor position, coil current, and hysteresis
of the material, are assumed to be non-effecting.

1.3.3. Description of the Tool

The efficiency of an IPMSM model with the core loss ECM is simulated using the
Matlab/Simulink R2020a tool, and the core loss ECM was modeled and analyzed in a
previous study [8].

1.3.4. Analysis Theme

Simulations under variable load and speed conditions have been conducted in this
study. The efficiency of the system in different ECMs is calculated by shaft mechanical
power divided by DC-link electrical power; they are then calculated to a percentage value
so that they can be compared to each other under the same load and speed conditions.

1.3.5. Research Results

The efficiency of the drive system is growing to be of great importance to EV appli-
cations, especially when the EV travel range under NEDC and WLTP drive cycles are the
direct marketing characteristics of EVs. The results presented in this study will show a
percent of efficiency improvement of the MPDTC by adopting the core loss ECM in the
one-step-ahead prediction used in the MPC, compared to the one adopting the conventional
ECM, also applying the suited LMA for each ECM.

2. Application of Core Loss ECM in MPC and LMA Development
2.1. Equivalent Circuit Model with Core Loss

There are three main sources of losses in an electric motor, which are the mechanical
loss from the friction of air and mechanical parts, the copper loss from coil resistance, and
the core loss caused by the variation of the magnetic flux. The core losses can be further
divided into three parts: hysteresis loss, eddy current loss, and anomalous loss or excess
loss [21,22].

The hysteresis loss is usually considered to be in the stator core, as ideally the magnetic
field of the rotor core does not change. The hysteresis loss is caused by the inherent B
(magnetic flux density)-H (magnetic field strength) characteristic of the material [23]. When
the core material’s magnetic field cycles through its B-H curve, the loss is created, and it
can be expressed as [24]:

Py = Ky fB, M
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where f is the excitation frequency, By, is the magnitude of sinusoidal flux density, and K}, and
« are the coefficients of the hysteresis loss for the magnetic material.

When the magnetic flux alternates, the stator core induces back electromotive force
(EMF), which then induces current, and therefore causes loss [25]. This loss is called eddy
current loss, and the amount of loss depends on the resistance of the core and the physical
parameters such as shape and size. When a high frequency is involved, for instance, the
high-order harmonics—and, when at high speed, the skin effect—can increase the eddy
current loss.

The eddy current loss is caused in the stator tooth and yoke, and there have been vari-
ous studies that have analyzed the detail of the loss and provided the below equations [24].

Doy = Ke(me)ﬁ 2)

where K, and B (2 is often used) are the coefficients of the eddy current loss components.
Additional loss [24]:
Py = Kaf By (3)

where K, is the coefficient of the additional core loss component.

The core loss of PMSM can be obtained through multiple approaches, such as finite
element analysis (FEA) and reluctance network analysis (RNA) [26]. The disadvantage is
that the FEA will take professional software minutes to perform. This is not ideal when
embedded into the control algorithm. The ECM can do fast estimation and will provide a
good estimation of the losses in the motor and can work efficiently with the LMA.

There are a few variances of mathematical models that have included the core loss [27,28],
and they have made advances in the aspect of obtaining a more detailed mathematical
core loss model of PMSM [29,30]. In this paper, only one core loss ECM form is discussed,
referred to the preferred core loss ECM [8,31].

2.1.1. Conventional ECM of PMSM

The MPC relies on the ECM of the motor to generate a predictive equation. By
mutating the equation, the next-step reference is generated. Taking the conventional
ECM disregarding core loss as an example, the d-q frame equivalent circuit is shown in
Figure 1 [8].

R - R.
o "V’\:-‘\‘, ;C :\, o '\_f\:r'\, ':_\, {H\'
— ./ . o Sl L
+ I @eLol, + L w.Laly Wty
“\‘
<
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~
o o
(a) (b)

Figure 1. Conventional equivalent circuits of PMSM disregarding core loss, (a) d-axis, (b) q-axis [8].

By applying Kirchhoff’s law, the following equations can be generated. Referring to
Table 1 below for detailed descriptions of the components, and with w, as the electrical
speed (rad/s):

{ Vi = Rly — welgly + 941, ”

dl
Vq = Rqu + weLygly + C")‘?)\f + ,thLq
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By mutating the functions, we have
Vy—Rslytwelql,
dly = (FEE) o di )
Vy—Rsly—weLgly—weA
dly = (A=) ot

where dl; = I;(k+1) — I4(k), dI; = I;(k+1) — I;(k). Since the present I;(k), I;(k) can
be evaluated from feedback, and dt can simply be expressed as sampling time T, the
predictive I;(k + 1) and I;(k + 1) can be expressed as:

(Va—RsIj+weLgly) x Ts n

Lk +1) = - 14(k) o
Vy—Rolp—weLglj—weA ) x T
Iq(k—i—l) — (Vg q ” r) +1q(k)
Table 1. Parameters of an IPMSM.
Motor Characteristics Symbol Value
Number of pole pairs p 4
Stator winding resistance Rs 0.0974 Q)
d-axis inductance Ly 83.955 uH
g-axis inductance Lq 328.365 pH
PM flux linkage Ay 0.0479 Wb
Rated speed N 3600 r/min
Rated current In 180 A
Rated power Py 20 kW
Rated torque N 53 Nm
. . —5.418-10~7-n2 + 0.005056-1 Q)
No-load equivalent core loss resistance Reo (n represents the motor speed)
Load equivalent core loss resistance R 21 Q)

2.1.2. Core Loss Equivalent Circuit Model of PMSM

There are a number of different variations of the core loss ECM that have been dis-
cussed in the literature [8], and the preferred core loss ECM is demonstrated in Figure 2.

The power losses in PMSM contain the copper and core losses, mechanical losses, and
additional losses. Where additional loss is related to both copper and core components, it
is normally estimated as a percentage of rated power. The losses can be categorized into
controllable and uncontrollable losses. The copper losses are mainly determined by the
fundamental harmonic component of the stator current, and the core losses, mostly from
the harmonic component of the total linkage flux, are controllable. Copper and core losses
from higher-frequency harmonics, together with mechanical losses, are uncontrollable
losses [32].

The below, Figure 2a,b, demonstrate the preferred core loss ECM [8].

R. L Ina R L, oLy Inig y
g E— S ————
o—AMA——YY M — A —YY E )
; > —_ -
- Id ];‘l.il + Iq AAA il"
< .l ™\ Ri g < AR
v Riz oldy(,) vy, 2 wes(_)
R
o o
(a) (b)

Figure 2. Preferred equivalent circuits of PMSM including core loss. (a) d-axis. (b) q-axis.
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By applying Kirchhoft’s law, the mathematical equation of the above core loss ECM

is obtained:
Vil _ [Rs+pLly —welq I 0
[VJ = { wely  RetpLy| 1] T9M |1 @

By mutating the functions, we also have:

(Va—Rely+weLgly ) x T

Ii(k+1) = i 4+ 1(k) o
Vi—RsIj—weLjlj—weAr) X Ts
ly(k 1) = WRhmertaloeds) Ty

The difference is that we will need to evaluate the actual current in the motor besides
the core loss current, thus:

{ Iy = Lig + Lya ©)
Iq = Iciq + Imiq =l + Imq
Lyl
Lig = Welbqly
{ T ak, (10)
co — RCO
Vi—RslgtweLqly) xTs e
bt 1) = CBI)TT ) -
g (k + 1) = VRl gy o

2.1.3. Determination of Core Loss Resistances

To perform an estimation of the core loss resistance values in the ECM, the core losses
are obtained mainly in two ways.

1.  Simulation and calculation based on the finite element method and professional
software. It constructs the relationships between the core power loss and the flux
densities and the load currents to construct separate curves. And then evaluate
the load equivalent core loss resistances as constants or variables concerning some
parameters like speed [33,34].

2. Experimental tests following similar procedures as above, but all data are acquired
through the experimental tests on the prototype [35,36].

The motor to be used in the simulation is an interior PMSM (IPMSM), and the motor
and core loss parameters are listed below.

2.2. Model Predictive Direct Torque Control (MPDTC)

The model predictive control (MPC) was introduced as an advanced control method
back in the 1970s. It is a control method that relies on the ECM of the motor to predict
the motor movement dynamics with its feedback and compare it to the reference accord-
ingly. In this way, the control algorithm can use the feedback more closely to the actual
movement when engaging close-loop control, therefore achieving better performance in
the control [37].

MPC can be in different forms, depending on its principle, controlling target, and
algorithm. In this paper, the variant of MPC in discussion is based on flux and torque. As
shown below in Figure 3, with the feedback speed error to compute the torque reference,
using the LMA calculation, the flux and torque references are generated. They are then
brought to the cost function calculation with the next-step predicted flux and torque,
calculated from all the possible voltage vectors. The results in the calculated cost function,
the “g” values in (12), correspond to each voltage vector. By comparing the cost function
calculation results, the lowest “g” result voltage vector can be selected as the best response.
The finite control set MPC (FCS-MPC) is simple in design and calculation, which therefore
improves the response time. In regard to its selection of space vectors, with one-step ahead
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prediction only seven vectors will need to be considered, as in Table 2, VO and V7 are null,
therefore improving the response [38].

Te(te)
Ys(t)

FS-MPC

| Sa(t)

Cost function
minimization

_I ?

w
2L-VSI
Tep(tesy)
-} ‘ Predictive Torque and flux s tk)
Pp(tesr)| model estimator
A 1
Figure 3. Control strategy of FCS-MPDTC.
Table 2. List of the IGBT selections of voltage vectors.
Sa Sp Sc Voltage Vector V
0 0 0 V=0
1 0 0 Vi =3V
1 1 0 Vo = W + %3V
0 1 0 V3:*%Vdc+]'§vdc
0 1 1 Vi=—3%Vy
0 0 1 Vs = — 1V — 23V,
1 0 1 Vo = 1Vae — iR Vs
1 1 1 Vo =0

As previously mentioned, the cost function of FCS-MPC is the key to model predictive
control, as in the following Equation (12), while the MPDTC uses the torque and flux as
references. The Ay is the weighting factor design for torque and flux control, and it can be
used to define the weighting of the flux and torque components in the cost function, and
contribute directly to the selection of the vectors:

8 = |Te = Te| + Apllpe] — [¢el| (12)

where Ay is the weighting factor for flux and torque, which needs to be able to handle the
difference in magnitude and unit between flux and torque; T, and ¢ are the reference
torque and flux, separately; and T, and i, are the evaluated torque and flux responding to
different voltage vectors.

According to the calculation results in (6) and (11), the predictive I;(k + 1) and I;(k + 1)
have been evaluated in the conventional ECM, as well as the predictive I,;(k+ 1),
and Iy (k + 1) in the core loss model. The equations have components V;, and V;;, which
are the voltages that are dynamic and controlled by the IGBT gates, as in Table 2. The
different voltage vectors are used to produce the predicted currents, therefore generating
predicted characteristics that are to be compared to the references. The voltage vector
that provides the lowest cost function result is selected, and then be modulated to the
application, realizing the control modulation.
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2.3. Loss Minimization Algorithm (LMA)
2.3.1. Conventional ECM

With the conventional ECM as in Figure 1, the losses can be derived. Since the core
losses are disregarded, the overall controllable copper loss can be expressed with the
below equations:

3
Pr = E135(15 + qu) (13)
The electromagnetic torque T, is:

3
T = 5p (Al + (La = Lg) laly) (14)

mutating the equation, one has:

T,
I, = = (15)

p(As+ (Lo = Lo)la(La = L) L)

therefore:
Tem
p(As+ (La = Lo) la(La — Ly)La)

To achieve the minimum loss, the derivative of total controllable loss to i, is set to 0.

3
Pcu - ERS I§+

(16)

0Py
ol

=0 (17)

Use Matlab to solve the below equation for Ij,,f, so that the reference characteristic
can be generated to be used for the control reference.

root [<3Ld2Lqp2 —3L4L%p% + Lq3p2) x z4
+(6LaLgp?Af = 3L2pPAs = BLAPPAs) 20 (18)

Select the real solution with the smallest magnitude, and calculate I, £ from Equation (15).
Hence, we can calculate the flux and torque reference for the control strategy, as in Figure 3.

2 2
Pref = \/(Ldldref + )Lf) + (quqref) (19)
Tfff = %p(/\fl‘iref + <Ld - Lq)ldreflq”f)

2.3.2. Conventional ECM

In the core loss model, in addition to the copper loss, there is also core loss to be
considered. The expression of the loss in the preferred model in no-load and loaded
conditions can be expressed as below, separately:

The core loss power for no-load conditions—P.,—can be expressed as:

3

3 21
5 Reo Icoz = (we)\f> (20)

Peo = - —
co 2 RCO

the core loss power for loaded conditions—P,;—can be expressed as:

3

2
(weLqly) (weLgly)?
3 +

Pci:Pco+ R. R.
ci ci

[Rci (Ia»dz + Ic,f)] = P+ g 1)
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since the simulation is under loaded conditions,

2 2
B B 3 21 3 (a)quIq) ((UngId)
Peore = Pi = > (we)\f) Re + > [ R, + R, (22)

Therefore, the total controllable loss P;, = P, + Peore. To achieve the minimum loss,
the derivative of the total controllable loss to I,,,; is set to 0.

2

_3 2 Tem 3 21 3
PL_ERS Id“l‘ +§(we/\f> +§

((UeLqu) (weLdId)
_ +
I (/\f ( d ‘7) d( d ‘7) d) c

Rci Rci

] (23)

the evaluation of the function includes (6) and (7):
To achieve the minimum loss, the derivative of the total controllable loss to I,,,; is set

to 0.
oP;

Mpd
Use Matlab to solve the below equation for I,4,,f, so that the reference characteristic
can be generated to be used for the control reference.

(24)

r00t[(9L°Lg*ReiReoN?p* 2 — BLs*Ly° RiReo N2 p i2 — 9L4* Ly R jReo N?p* 2 + 3L° R i Reo N?p* 2
—5400L4%LyR*ReoRsp? + 5400LgLyR > ReoRsp? — 1800Lg°R,?Reo Rs p?
+1800L°R2Reo Rsp?) * 24
+(—18Ls°LyR iR N?p* 12 A £ + 9L4” Ly ReiReo N?p* 1A — 10,800L 4Ly R iR p?A s
+9L4*ReiReoN?p*72A £ + 5400L° R > Reo Rsp? A § + 5400L 4> Rei*ReoRs p?Af) % 2°
+(—9L LyReiReoN?p*A 2% + 9L ReiReo N?p*A 2 12 — 5400Lg R 2 Reo Ry p?A 2
+ 5400LyRci*ReoRsp?Af7) # 22 (25)
+(—60LyLyRciReoRs To Np*A 71 + 60L g% R Reo Rs Tem Np? A f 70 + 120Lg Ly Ri*Rs To Np?A 10
—60Ly*R R TomNp?A 7t — 60Ls*Rei*Rs Tem Np?A s + 3Ls2ReiReo N2 p*A 2 1t
+1800R*ReoRsp?A %) % 2 — 60Lg R jReo Rs Tem Np?A 271 + 60Ly R *Rs Tom Np2 A i 1t
—60LyR 2R Tom Np?A * 1 — 2Ly Lg*ReoRs Tom® N2 p? 1% + 3Ly Ly* ReiRoo Tem > N*p? 112
+2L°ReoRs Tem® N?p? 712 4 3Lg° ReiReo Tem* N?p? % + 1800L, R 12 Reo Rs Tem®
—1800L4R*ReoRsTei?, z, 1]

Similarly, use Equations (15) and (19) to generate the flux and torque references ¢, ¢
and Tyy.

3. Simulation Results
3.1. Comparison Scheme

In the simulation comparison, there are constant parameters and variable parameters
that need to be pre-defined to achieve reasonable results. The following parameters are
kept constant across the comparison, they are not necessarily the optimal value for the best
performance, but for the purpose of performance comparison to each simulation strategy,
as in Table 3.

Table 3. List of constant simulation parameters.

Constant Parameters Value
Speed loop proportional gain 0.5
Speed loop integral gain 0.5
Cost function weighting factor (Ay) 1

During the simulation, the cost function is applied as in (12), the norms selected for the
control are torque and flux, and the weighting factor of the components Ay, is selected as 1.
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The PID loop for torque reference generation is also kept the same, the proportional gain is
0.5, and the integral gain is 0.5. The gain values are kept the same across all three simulation
sets. The simulation blocks are as demonstrated below in Figure 4, corresponding to the
content discussed from Sections 2—4, and as shown in Figure 3.

(o) 1—@ r NEXT STEP ) 7 Y
i - VOLTAGE
“PREDICTION
n- ok« VECTOR
SELECTION
rpm ‘
fen
Te_1 plite_1
Itheta } theta
_ﬁ ‘ s 4@
fen 5
r Fs_raf
— Te fen c
MTPAL
»{n li__g:rrgf
G o Pl(s) ITr:d ﬁ p_;i;;": 1 B fef
RPMReq . MTPAZ2
L & /

o J LMA

p<__F_copper
REFERENCE
TORQUE =l
GENERATION PID

Figure 4. The Simulink control blocks.

The variable parameters of the simulation are the mathematical model included in
the design and the reference generation LMA strategies. By combining the variables, there
are three sets of simulations that are performed, as explained in Table 4. The simulations
are performed at 1000 rpm to 5000 rpm, with observations taken during the steady state;
repeated at each 1000 rpm increment; then repeated at different torques, 20 Nm and 40 Nm.

Table 4. List of the simulation strategies performed.

Strategy Simulation Strategies
1 MPDTC with conventional ECM with copper loss LMA
2 MPDTC with core loss ECM with copper loss LMA
3 MPDTC with core loss ECM and LMA based on the core loss and copper loss

3.2. Simulation Results
3.2.1. Under Load

The steady-state performance of “MPDTC with core loss ECM and LMA based on the
core loss and copper loss” at 20 Nm and 5000 rpm is shown below in Figure 5.

The below Tables 5-7 show the efficiency results of the simulations. The shaft output
voltage is calculated by multiplying the simulated shaft speed and shaft torque.

2r
Pshaft = %Nshaft'Tshuft (26)

In the equation, Ny, is the shaft speed in rpm, and T, y; is the shaft torque in Nm.
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The input power is calculated with the DC supply of the inverter:

Ppc = Vpc-Ipc (27)

Vbc is the DC voltage of the inverter supply, and Ipc is the current of the DC inverter
supply. The efficiency—#—is calculated by:

Pshaft
Ppc

n= -100% (28)

Reference and measured motor speed [rpm] ‘
Yellow: Reference rotor speed (rpm)

Reference and measured motor torque [Nm] :
Yellow: Reference rotor torque (Nm)

Figure 5. Steady-state speed and torque performance of MPDTC with core loss ECM and LMA based
on the core loss and copper loss.

Table 5. Steady-state efficiency of MPDTC with core loss ECM with copper loss LMA simulation.

MPDTC with Conventional Loss ECM with Copper Loss LMA

Ref Speed Torque Shaft Output Copper Loss . . o
(rp§1) (N‘rln) Power (VE) PI(’W) DC Power (W) Efficiency (%)
1000 20 2093 632.6 3473 60.26%
2000 20 4189 641.9 6272 66.79%
3000 20 6284 661 8960 70.13%
4000 20 8378 679.1 11,420 73.36%
5000 20 10,470 695.7 13,820 75.76%
1000 40 4182 3764 8340 50.14%
2000 40 8377 3835 13,130 63.80%
3000 40 12,570 3914 17,620 71.34%
4000 40 16,760 3998 22,180 75.56%
5000 40 20,950 4038 26,490 79.09%
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The improvement comparison is calculated in percentage using the efficiencies of
strategies 2 and 3, based on the efficiency of strategy 1.

Noo1 = Nstrategy 2. _ 4 (29)
Nstrategy 1
similarly,
S Nstrategy 3 1 (30)

strategy 1

Table 6. Steady-state efficiency of MPDTC with core loss ECM with copper loss LMA.

MPDTC with Core Loss ECM with Copper Loss LMA Improvement
Compared to MPDTC
Ref Speed Torque Shaft Output Copper Loss  Core Loss DC Power Efficiency with Conventional

(rpm) (Nm) Power (W) W) W) W) (%) ECM (%)

1000 20 2093 425.6 138.4 2939 71.21% 18.17%

2000 20 4190 420.7 322.6 5072 82.61% 23.69%

3000 20 6285 426 569.3 7370 85.28% 21.59%

4000 20 8380 411.5 904.5 9965 84.09% 14.63%

5000 20 10,480 3929 1383 12,510 83.77% 10.58%

1000 40 4183 1445 149.2 7679 54.47% 8.63%

2000 40 8378 1467 367 11,420 73.36% 14.99%

3000 40 12,570 1457 667 16,710 75.22% 5.45%

4000 40 16,760 1438 1076 20,970 79.92% 5.77%

5000 40 20,950 1416 1645 25,700 81.52% 3.07%

Table 7. Steady-state efficiency of MPDTC with core loss ECM and LMA based on the core loss and
copper loss.
MPDTC with Core Loss ECM and LMA Based on the Core Loss and Copper Loss Improvement
Compared to MPDTC
Ref Speed Torque Shaft Output Copper Loss  Core Loss DC Power  Efficiency with Conventional

(rpm) (Nm) Power (W) (W) W) (W) (%) ECM (%)

1000 20 2093 425.7 138.4 2942 71.14% 18.05%

2000 20 4190 420.9 322.5 5058 82.84% 24.03%

3000 20 6285 426.4 568.8 7367 85.31% 21.64%

4000 20 8380 4115 903 10,010 83.72% 14.11%

5000 20 10,480 394.6 1380 12,480 83.97% 10.84%

1000 40 4183 1445 149.2 7661 54.60% 8.89%

2000 40 8378 1467 366.3 11,420 73.36% 14.99%

3000 40 12,570 1459 663.7 16,710 75.22% 5.45%

4000 40 16,760 1443 1066 20,970 79.92% 5.77%

5000 40 20,950 1426 1624 25,710 81.49% 3.03%

The efficiency information in Tables 7 and 8 can be expressed as a diagram, as in below
Figures 6 and 7, for clearer demonstration.

As observed from the results in Tables 6 and 7, there is constant improvement in
efficiency when the core loss model is applied to the MPDTC across both strategies 2 and 3.
Strategy 2 has 12.66% on average, and strategy 3 has 12.68% improvement over strategy 1.

3.2.2. Nominal Load

At nominal load of the motor, 3600 rpm and 53 Nm torques, 4.1% improvement is
found with strategy 3 compared to strategy 2, as shown in Table 8 below.
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Efficiency of MPDTC with Traditional ECM and Coreloss
ECM (Torque 20Nm)

90.00%
85.00%
80.00%
75.00%
70.00%
65.00%
60.00%
55.00%
50.00%

Efficiency

1000 2000 3000 4000 5000
Reference RPM

e 1. MIPDTC with traditional ECM with Copper loss LMA
2. MPDTC with Core loss ECM with Copper loss LMA

3. MPDTC with ECM and LMA based on the core loss and copper loss
Figure 6. Comparison of efficiency between strategies at torque 20 Nm.

Efficiency of MPDTC with Traditional ECM and Coreloss
ECM (Torque 40Nm)

85.00%
80.00%
75.00%
70.00%
65.00%
60.00%
55.00%
50.00%
45.00%

Efficiency

1000 2000 3000 4000 5000
Reference RPM

e 1. VIPDTC with traditional ECM with Copper loss LMA
2. MPDTC with Core loss ECM with Copper loss LMA

3. MPDTC with Core loss ECM and LMA based on the core loss and copper loss
Figure 7. Comparison of efficiency between strategies at torque 40 Nm.

Table 8. Steady-state efficiency comparison between the MPDTC with the conventional ECM with
copper loss LMA and the core loss ECM with LMA based on the core loss and copper loss on

nominal loads.

Improvement
Ref Speed Torque Shaft Output Copper Loss  Core Loss DC Power  Efficiency Compared to MPDTC
(rpm) (Nm) Power (W) (W) (W) (W) (%) with Conventional
ECM (%)
MPDTC with conventional loss ECM with copper loss LMA
3600 53 20,070 2398 26,790 74.92
MPDTC with core loss ECM and LMA based on the core loss and copper loss
3600 53 19,990 2311 993.5 25,630 77.99 4.1

3.2.3. Overload

At 5000 rpm and 80 Nm, saturation is found in both the strategy 1 and 3 simulations,
the motors are not able to reach the reference speed, and the torque ripple increases
significantly when we compare the contents of Figure 8—below—to Figure 5. The copper
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loss and core loss are no longer able to be calculated as they are ramping up, as shown
in Figure 9. The simulated results in strategy 1 under overload condition are recorded in
Table 9, and the results in strategy 3 under overload condition are recorded in Table 10.

Reference and measured rotor speed [rpm]

Yellow: Reference rotor speed [rpm]

Measured rotor speed [rpm]

Reference and measured rotor torque [Nm]

Yellow: Reference rotor torque [Nm]

Measured rotor torque [Nm]

ore loss power (W)

Figure 9. Power waveform of strategy 3 at 5000 rpm and 80 Nm.

Table 9. Steady-state efficiency MPDTC with conventional ECM with copper loss LMA on overload.

MPDTC with Conventional ECM with Copper Loss LMA

Ref Speed Torque Shaft Output Copper Loss DC Power  Efficiency

(rpm) (Nm) Power (W) W) W) (%)

1000 60 6027 2800 12,570 47.95
2000 60 12,480 2842 19,600 63.67
3000 60 18,820 2871 26,180 71.89
4000 60 25,120 2894 32,760 76.68
5000 60 31,420 2915 39,060 80.44
1000 80 8261 4349 18,560 4451
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Table 9. Cont.
MPDTC with Conventional ECM with Copper Loss LMA
Ref Speed Torque Shaft Output Copper Loss DC Power  Efficiency
(rpm) (Nm) Power (W) W) W) (%)
2000 80 16,720 4387 26,360 63.43
3000 80 25,120 4432 34,890 72.00
4000 80 33,510 4434 43,180 77.61
5000 80 38,920 No measurable value 48,530 80.20

Table 10. Steady-state efficiency of MPDTC with core loss ECM with LMA based on the core loss and
copper loss on overload.

MPDTC with Core Loss ECM and LMA Based on the Core Loss and Copper Loss Improvement
Ref Speed Torque Shaft Output Copper Loss DC Power Efficiency Coﬂﬁa(rjed to I\:I-PD];C
(rpm) (Nm) Power (W) W) Core Loss (W) W) %) W M @y
1000 60 6033 2809 154.6 11,480 52.55 9.60
2000 60 12,480 2833 414.6 18,830 66.28 4.09
3000 60 18,830 2831 777.3 25,180 74.78 4.03
4000 60 25,140 2816 1263 31,880 78.86 2.84
5000 60 31,450 2882 1939 38,200 82.33 2.35
1000 80 8238 4341 173.2 17,440 47.24 6.13
2000 80 16,710 4393 4739 26,300 63.54 0.17
3000 80 25,130 4376 901.8 34,250 73.37 1.91
4000 80 33,530 4436 1485 41,800 80.22 3.36
5000 80 38,190 Nosteady state o steady state 47,320 8071 0.63

4. Discussion and Conclusions

This paper has presented the efficiency improvement of modified MPDTC with core
loss models through simulation. Obvious improvement can be observed in Figures 6 and 7
in the range when motor speed is high and torque is low, described as EVs” highway cycle.
The improvement is larger when the torque is lower, at 20 Nm; this makes sense, as at
lower torques the current is smaller, and therefore the copper loss is smaller in proportion,
hence the core loss model can better improve the efficiency. The simulation does not show
strength in managing the core loss components using the core loss LMA. When comparing
strategy 2 to strategy 3, while the LMA in strategy 3 also includes the core loss component
in minimization, the performances do not clearly differ. The reasons for this result are
likely due to the relevant component (I3 z 4 12) in (13), which has been considered in copper

loss LMA. While in (22), the current component of the core loss is (( < qf”) + (“}EL" Id) ),

these are very similar equations. Their only differences are in the components of L; and Lg,
the differences are not obvious. In the core loss model, the most effective component that
would have impact on the core loss is the speed, as in (20), (21), both P, and P,; have the
component we2, which, as well as being reduced by the value of R, is also reduced by
increases in speed.

In conclusion, the simulation confirms the expectation that the steady-state efficiency
of MPDTC is improved by an ECM that considers core loss. The simulation and calculation
results demonstrated that the core loss ECM has more than 10% efficiency improvement at
5000 rpm/20 Nm, and more than 3% efficiency improvement at 5000 rpm /40 Nm, despite
the LMA approaches applied, under a reasonable description of an EV running through
its highway cycle. In nominal duty, there is 4.1% improvement in efficiency, and constant
improvement when the motor’s work condition runs to the flatter side of the B-H curve
until saturation.
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The limitations of the research involve the robustness of the core loss ECM, and the
lack of evidence from real-life experiments. In the simulation, a salient IPMSM is used, and
its high pole pair number and core material made the core loss component optimization
more visible. When a less salient PMSM with a smaller L; and L, difference is applied, the
accuracy of the LMA could be impacted negatively according to (16) and (23). Also, when
applied to a surface-mounted PMSM, to work with its equal L; and L, value, the algorithm
has to be re-designed with per-phase ECM, and the performance improvement cannot be
concluded at this stage. The inductance and resistance of the ECM may also be impacted
by temperature and motor saturation, impacting the accuracy of the mathematical model,
and therefore undermining the transient and steady-state performance. In this case, a
sliding mode observer (SMO) or its variant can be introduced to improve the robustness to
disturbances and uncertainties [11,39].

Real-life experiments need to be conducted to confirm the performance improvement.
Ideally, the MPDTC with core loss model should provide a more realistic voltage vector
selection based on the prediction, however, the LMA and MPC increase calculation vol-
ume. Since the capacity of the CPU is limited, the negative influence can increase the
delay to the control, or the switching frequency may be reduced, therefore reducing the
performance. The future work of this study is to investigate the impacts of different distur-
bances and uncertainties on the core loss mathematical model, to make the design more
robust to PMSMs, and to become able to implement and demonstrate improvement in
real-life experiments.
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