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Abstract—This paper proposes a dynamic optimization strategy
of finite control set-model predictive torque control for perma-
nent magnet synchronous machines, which takes into account the
inverter losses and machine losses simultaneously. In order to re-
duce the switching losses (or to optimize the switching sequence) of
the inverter, a recognized and feasible constrain which considers
the accumulated ON/OFF times of the switches is implemented.
The machine losses are taken into account by utilizing an optimal
stator flux reference. An alternative loss model control method is
proposed to calculate the optimal stator flux reference, which com-
bines the conventional maximum torque/ampere method and the
conventional loss model control method. Furthermore, a discrete-
time machine model is introduced, which can reduce the predictive
error at relative low switching frequency. The key results are il-
lustrated by a combination of simulation and prototype interior
permanent magnet machine drive measurements.

Index Terms—Dynamic loss optimization, model predictive
torque control, permanent magnet (PM) synchronous machines.

1. INTRODUCTION

ODEL predictive torque control with finite control set

(FCS-MPTC) is a direct torque control method. It uti-
lizes the inherent discrete nature of the power converter. An
optimization problem is solved by using a single cost function
[1]-[3]. The desired voltage vector can be achieved by exhaus-
tive exploration when the cost function is minimized. The ad-
vantages of the FCS-MPTC method are of intuitive concept and
straightforward implementation [2], [4]. Furthermore, the sys-
tem constraints can be easily considered by a cost function, e.g.,
torque performance and system losses.
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The application of FCS-MPTC method for inverters has been
investigated and analyzed [5]. The FCS-MPTC method can take
into account the usual control objectives presented in the tradi-
tional applications and the extra targets. The extra constraints
can include the balance of the reduction of switching losses,
the effective switching frequency, the power losses, and the dc-
link voltage. In [6], the limit of the switching frequency of the
three-level neutral-point-clamped converter is considered by a
cost function. One term n,. is defined, which is proportional
to the number of commutations of the power semiconductors
between two sampling steps. A neutral-leg switching frequency
reduction algorithm is proposed to improve the efficiency of the
two-level four-leg inverters [7], [8], which takes into account
the switching loss by extra constraints in the cost function. The
balanced loss distribution of normal two-level voltage source
inverter (VSI) of FCS-MPTC has been analyzed in [9], which
proposes a switching strategy to optimize the clamped phase
among the three legs and focuses on the inverter loss. Based on
the preceding investigation, the conventional constraints of the
power semiconductors [6] are applied in this paper.

Concerning the wide application of electrical motor drive
systems, e.g., over half of the electrical energy produced world-
wide is used by motors [10], until now, significant efforts and
attentions are given to improve the system efficiency. The system
efficiency due to the machine design can be improved by a novel
topology [11], [12]. The system efficiency which depends on the
modern control methods (e.g., FCS-MPTC method) can be im-
proved by optimizing the control methods. At relative low speed,
as long as the copper losses are dominant, the maximum torque
per ampere (MTPA) strategy is an option to the efficiency opti-
mization [13]-[15]. The loss-minimizing control (LMC) meth-
ods in electrical drive systems have been investigated for over
30 years, which can take into account the system losses. The
existing methods can be divided into two groups: model-based
steady-state methods [16], [17], and physical-based searching
control (SC) methods [18], [19].

The principle of model-based LMC methods for interior per-
manent magnet synchronous machines (IPMSMs) is that the
equivalent iron loss and permanent magnet (PM) resistances are
integrated into the equivalent circuit of the IPMSMs, and then
the optimal d-axis current can be obtained when the copper loss,
iron loss, and PM loss are minimized. In order to improve the
accuracy of the iron loss model, finite-element method (FEM)
and experimental loss measurement methods are proposed by
taking the saturation effect into account [20]. One drawback of
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the model-based LMC is that only the steady-state machine loss
is modeled and optimized, while the inverter loss optimization
is ignored. The physical-based SC methods depend neither on
the motor model nor on the motor parameters. It measures and
minimizes the input power (dc bus power) by iterating the refer-
ence of d-axis current or the stator flux reference [19], [21]. The
main advantages of the physical-based SC methods are the inde-
pendence of the system parameters (e.g., machine and inverter
parameters) and optimization of the whole system. However,
the slow real-time convergence of these methods is induced by
the exhaustive exploration. Thus, the physical-based SC meth-
ods are not the preferable strategies for electric drives with fast
dynamic response.

The widely accepted MTPA method and LMC method are
attracting growing attention for efficient optimal application.
The principle is that the methods utilize an adapting control
variable (e.g., d-axis current or stator flux reference) to improve
the efficiency. For LMC algorithm, both of copper loss, iron loss
and PM loss can be considered and optimized. Itis quite intuitive
that the loss model is more precise, and the LMC implementation
is more effective [16]. From another standpoint, the approach
of LMC may fail if the loss model is not accurate enough.
Another overview of the LMC methods is that when the number
of the constraints increases, a relative low convergence speed is
induced.

In this paper, an alternative LMC method which is combining
a conventional MTPA method with a conventional LMC method
is proposed. The machine losses are minimized by commanding
optimal stator flux magnitude. At low speed, MTPA trajectory
is chosen, while at medium and high speed, the LMC trajectory
dominates. Meanwhile, the optimization of the dynamic switch-
ing sequence of the switches of the inverter is applied, which
can reduce the switching losses of the inverter indirectly.

At this moment, the existing high sampling frequency and
high switching frequency of FCS-MPTC strategies are formed
using approximate discrete-time modeling technique, which as-
sumes the sampling frequency and switching frequency are high
enough to ignore the approximation error. However, in particu-
lar for high-power traction drive applications as medium large
traction drive, the switching frequency is constrained to a rel-
ative low value because of the high temperature caused by the
high switching loss due to the high switching frequency. Fur-
thermore, in long-horizon prediction FCS-MPTC method, the
switching frequency is limited to a low value because of the
computation delay. In this case, the torque and current estima-
tion error for the FCS-MPTC strategies due to the approximate
discrete-time modeling technique will become serious. Thus,
this paper proposes an alternative discrete machine model based
on the modified Euler method (trapezoidal method).

This paper is organized as follows: Section II introduces the
loss model of the inverter and the IPMSMs. In Section III,
the proposed LMC method is explained. Section IV introduces
the alternative discrete-time machine model and the implem-
entation of the FCS-MPTC with the proposed LMC method. The
experimental results are investigated and analyzed in Section V.
Finally, this paper is concluded in Section VI.
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Fig. 1. Switching transients of the power MOSFET [22].

II. Loss MODEL
A. Loss Model of Inverter

The losses of the power semiconductors (e.g., MOSFET) can
be divided into the switching loss and the conduction loss. The
switching loss rise significantly with the increase of switching
frequency. Similar to the switching loss, the conduction loss also
depends on the applied voltage and the phase current, as shown
in Fig. 1 [22]. The phase current depends only on the operating
point given by the torque and the speed, but not on the switching
pattern. Hence, the conduction losses can be considered to be
independent from the switching pattern. In [23], the switching
loss is described as follows:

b (A Blw  CL
sw-loss — 9 = 4

where, A, B, and C' are the polynomial coefficients of switching
energy, Iy is the current flowing through the switch, Ugye, 1S
the voltage corresponding to the energy curves, and fi,, is the
switching frequency.

From Fig. 1 and (1), it can be seen that the switching loss of
the inverter is directly proportional to the switching frequency.
It means that the lower ON/OFF times of the switch represent
the lower switching loss. Thus, one of the key points of the
inverter loss optimization is to minimize the ON/OFF times
by switching sequence optimization. When the long-horizon
prediction of model predictive control is set as 2, the switching
sequence can be optimized between two sampling periods.

Udc
Udata

fow ey

B. Loss Model of IPMSMs

By taking into account the copper loss, iron loss, and PM loss,
an equivalent circuit with series-parallel structure is introduced,
as shown in Fig. 2, where, Rg. and Rpy are the equivalent iron
loss and PM loss resistances, respectively, which are achieved
based on FEM results indirectly; and 4y o5 1S the equivalent iron
loss and PM loss current. Based on the equivalent circuit Fig. 2,
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Fig.2. Equivalent circuit of IPMSM in dgq reference frame including loss. (a)
Equivalent circuit of d-axis. (b) Equivalent circuit of g-axis.

the copper loss, iron loss, and PM loss can be described as
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III. PROPOSED LMC METHOD
A. Conventional MTPA Method

The MTPA method, developed by Jahns et al. [13], is a current
minimizing solution, which is used to reduce the size of the
inverter. The MTPA method can minimize the copper loss by
optimizing the d- and g-axis current. At relative low speed, the
iron loss and PM loss are not dominant of the machine losses.
Thus, the MTPA strategy is an option for the partial efficiency
optimization. The MTPA operating point is the nearest point
to the peak value of the torque. Therefore, in the synchronous
reference frame, the differentiation of the torque with respect to
the load angle ( 9T /96 ) should be zero at the MTPA point.
The solution of load angle of MTPA method can be calculated
by [24]

_ 2 L, — L 2 2
5MTPA:COSI< Ypm + Ypy + 8(Lyg q) |1.5|>. (4)

4(La — Lg)lis |
Then, the d- and g-axis currents reference can be described as

tg—mrpa = 15 cos(dmrpa) &)

ig—mtPA = 15 SI(OMTPA)- (6)

When the copper loss is described through the stator flux,
it is shown in (2). The stator flux reference which can
achieve the minimum copper loss can be calculated through
O(Peu)!0(1)s) = 0. In order to simplify the solution, using curve
fitting method, the optimal stator flux of MTPA in this paper is
expressed as

s _MTPA T. \’
— = 0.0000735 [ ——
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T
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Fig. 3. Copper loss, iron loss, and PM loss based on d-axis flux.

B. Conventional LMC Method

The machine losses have been described as (2) and (3). Omit-
ting the tedious derivation process, it can be proved that the total
machine losses are a convex function of 14, as

82(Pl:e‘|'IDPM‘|'Pcu)

IO >0 8)
a(PFe+PPM+Pcu) o
W ©

The losses corresponding to 1), at constant speed are shown
in Fig. 3. It can be seen that the optimal flux point W;_mc
corresponds to the minimum machine losses. Therefore, the so-
lution procedure of optimal stator flux is a process of resolving
the order ordinary differential equation (ODE), as (9). Omitting
the tedious derivation process, the solution of stator flux is ex-
pressed as (10). The coefficients of (10) can be calculated by
Ferraris solution, as shown in Appendix A

—b,
wdeMC - E
\/Bl + 2y — \/7(331 + 2y — 7%)
+ . (10)

2

C. Proposed LMC Method

The accuracy of the estimated rotor losses is mainly deter-
mined by the accuracy of the employed device and the involved
test environment [25], [26]. Even with the accurate and com-
plex experimental measurements, due to the small percentage
of iron loss and PM loss compared with total machine losses at
relative low speed, it is still a challenge to keep the accuracy
of the iron loss. The disadvantage of the MTPA method is that
it directly ignores the iron loss and PM loss. Therefore, it is
desirable to design a control method that is less sensitive to the
measurement of accuracy of iron loss and PM loss at relative low
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method.

Trajectory of the stator flux reference of the Gopinath-style LMC

speed. This method should take the copper losses, iron losses,
and PM losses into account at relative high speed. In this paper,
a proposed LMC method is developed by combining the pure
MTPA method and the conventional LMC method. In order to
understand this method easily, it is named as the Gopinath-style
LMC method. In the proposed Gopinath-style loss minimizing
method (LMC), a function of measurement error of iron loss and
PM loss is built as (11). The error function has the same func-
tion of bandwidth in Gopinath-style flux observer [27], which
produces a smooth transition between the MTPA solution and
the LMC method. The scheme of the proposed Gopinath-style
LMC method is shown in Fig. 4. Fig. 5 shows the trajectory and
the error range of the estimated stator flux reference. The trajec-
tories of the “pure MTPA method” and the “LMC method” are
achieved by assuming that the measurement error of the iron loss
and PM loss is zero. The two lines named as “pure LMC with
error” build the range of the flux trajectory of pure LMC with
measurement error. The two lines (Gopinath-style LMC with er-
ror) represent the top margin and bottom margin of the trajectory
of the Gopinath-style LMC method, which take into account the
measurement error of the iron loss and PM loss. It can be seen
that as compared with the pure LMC method, the alternative
Gopinath-style LMC method reduces the error area of the stator
flux reference significantly

Eion =1- —w.
Wh

)

As a graphical summary, Fig. 6 shows the current trajectory
of the MTPA method (O A) and the LMC method (OB) on a dg
coordinate system.
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Fig. 6. Trajectory of MTPA and LMC.

IV. PROPOSED FCS-MPTC WITH EFFICIENCY OPTIMIZATION
A. Discrete Model of IPMSMs

For the IPMSMs, the relations between the flux, current,

speed, and electromagnetic torque can be described as the fol-
lowing ODEs (12)—(14) [3], [28]:

dis , . L, .
! =L l(us - Rsls - 87 _jw‘I’PM)

a s a0 (12)
dw p

i j(Te —1Tr) (13)
do

== (14)

Internal discrete-time model of the electric drive is necessary,
which is used to predict the future evolution of the controlled
output variables for a sequence of control inputs over a pre-
diction horizon (one sampling period 7). The conventional
FCS-MPTC is based on the forward Euler method to predict the
flux and electromagnetic torque in the electric drives, and the
forward Euler discretization is shown as (15) [3]. In order to
improve the accuracy of the discrete machine model, this paper
proposed an alternative machine model based on the modified
Euler method (trapezoidal method), as described in (16)

y(k+1) = y(k) + T, f(k,y(k)) (15)
y(k+1) = y(k) + T, f(k, y (k)
y(k +1) = y(k) + 5 [f(k, y (k) (16)

+ f((k+1),y(k +1))].

Omitting the tedious derivation, an alternative discrete current
function of IPMSMs can be described as (17). The coefficient
matrices are expressed in (18)—(20)

i,(k+1) = Ai (k) + Bu,(k) + C (17)

where (18) — (20) as shown bottom of the next page.

Based on the simulation results of partial load step, the pro-
posed model for IPMSMs is evaluated and compared with
the existing conventional frequency model. The traditional and
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Fig. 7. Comparison between current prediction strategies with 2-kHz switch-

ing frequency.

improved estimated current, which are based on the existing
standard model and the proposed low-frequency model, respec-
tively, are plotted and overlaid with the actual measurement
current for comparison. The traditional estimated current and
the improved estimated current are achieved by the conve-
ntional machine model and the proposed machine model, re-
spectively, which represent the predictive current at future step
(e.g., (k+ 1)th sampling period). From Fig. 9, it can be seen that
when the switching frequency is high enough (e.g., 10 kHz),
the estimated current and measurement current are overlapped
with each other. It verifies that the approximate discrete-time
modeling technique can provide accurate dynamic stator cur-
rent prediction at relative high-frequency operation. As shown
in Figs. 7 and 8, at relative low switching frequency, compared
with the traditional model, the current estimated by the proposed
discrete machine model can track the actual current with lower
oscillation. It can be concluded that as compared with the con-
ventional high-frequency model, the proposed low-frequency
model somehow compensates the predictive error.

Then, based on the machine model and predicted stator cur-
rent, the stator flux and electromagnetic torque at (k + 1)th
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Fig.9. Comparison between current prediction strategies with 10-kHz switch-
ing frequency.
B. Cost Function and Control Scheme

The cost function of the proposed FCS-MPTC method is the
criterion to select the best voltage vector among the feasible
ones. Here, the traditional two-level VSI is used. The cost func-
tion of this paper is expressed as

1Y )
3 > AT (k) = To(k + n)i

sampling period can be predicted through gi =
U, (k+1) = O, (k) + (u,(k) — R, (k))T, (1) = A
. 3 . . + QT (k)" = [T (k + n)i|?
felk 1) = gpte i UG+, > F QIS — St + T ©3)
(14 {(1 BL) 4 ((1 B (Tswe(k)f)] L [Llat) o (el (- &2 52))]
A=
() o () (o) e 2 [ () w0 (- 58) o]
(18)
B = | 7; [f-; +a({; (H Ride))] O (19)
0% (42) & (B o (B 2+ 52)))
r a(Tw, (k))*Yrm
2L,
¢= _T2 {_Tswpzlwe(k) +b <Tu/1924w5(k)) (2 _ %)} 20
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Fig. 10.  Block diagram of FCS-MPTC with loss optimization.

where? = 1,..., 7isthe available numbers of the voltage vector
of the two-level inverter; g; is the cost value due to the voltage
vector ¢ of (k + n)th sampling time; and T,/ (k) and |¥(k)|*
are the reference torque and the reference amplitude for the
stator flux at (k)th sampling time, respectively. 7, (k + n) and
|W, (k+n)| are the predicted electric torque and the ampli-
tude of the predicted stator flux for a given switching state due
to voltage vector i at (k + n)th sampling period, respectively.
S(k) means the number of commutations of the power semi-
conductors between (k)th and (k — 1)th sampling period. The
weighting factor Q) is used to adjust the importance of the flux
error with respect to the torque error. (9, is the weighting fac-
tor that determines the importance of machine loss and inverter
loss compared to the torque control. The weighting factors are
calculated based on the iterative evaluation method [29]. In this
paper, in order to achieve the dynamic losses optimization, at
each period, the average torque, flux, and switching numbers
will be recalculated and achieved by the unitary method, as
seen in Appendix B. As a protection, the current limitation term
is important, it is defined as (24).

The proposed Gopinath-style LMC method is integrated into
traditional FCS-MPTC to achieve the optimal reference of stator
flux. Furthermore, in the cost function, by taking the switching
sequence of the inverter into account, the balance between ma-
chine losses and inverter losses can be considered. The control
scheme of the proposed FCS-MPTC with the Gopinath-style
LMC method is shown in Fig. 10

0, if]i(k+n)| < limax|
Imax =
o0

ifli(k4+n)| > |imax|-
V. EXPERIMENT EVALUATION

The proposed FCS-MPTC with the Gopinath-style LMC
method is tested and compared experimentally to the conven-
tional FCS-MPTC strategy for a IPMSM. The machine parame-
ters are summarized in Table. I. In order to evaluate the validity
of the proposed strategy, both of the FCS-MPTC with the
Gopinath-style LMC method (hereafter referred to as MPTC-
LMC method for a simple description) and the conventional
FCS-MPTC (hereafter referred to as MPTC) will be based on
the same speed PI controller (K, = 0.219 and K; = 0.16) and
same predictive step (/N = 2). Their performances are shown

24
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TABLE I
PARAMETERS OF THE TESTED IPMSM

Rated torque 2N-m
Rated current/voltage (rms) 50 A/85V
Number of Pole pair 5

d / q-axis inductance 0.05/0.095 mH
Resistance 18 ms?
Flux linkage of PM 7.07 mV-s

2000/4000 r/min
0.00187 Kg/m?

Rated/maximum speed
The moment of inertia

—

i
'
Torque Monitor

TRV L

I | g

XA,

Position Encoder _
=N BT
i,

-

Load Machine __

Fig. 11.  Testbench. (a) Control interface. (b) Test machine and load machine.

and analyzed in this section. The IPMSM is driven by a modified
2-kV-A inverter, which provides full control over the MOSFET
gates, and the maximum switching frequency of the inverter is
50 kHz. The dSPACE control platform has the ability to per-
form 2500 million instructions per second. In this experiment,
the turnaround time is about 90 us, which includes the commu-
nication time between dSPACE and control desk, the A/D and
D/A conversion time, the code implementation time, and the
data saving time. Thus, the sampling cycle of the control system
is set as 100 s, which means the sampling frequency is 10 kHz.
The overview of the test bench is shown in Fig. 11.

A. Steady-State Performance

This section shows the validity of the proposed MPTC-LMC
method at steady state. The experimental results are obtained
with the 2 N-m (1 p.u) load torque at n = 2000 7/min (1 p.u).
The comparisons of torque and current between the MPTC-
LMC method and the MPTC method are shown in Figs. 12
and 13. It can be seen that the torque and current performance
of the MPTC-LMC method are similar to that of the MPTC
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Fig. 14. Switching states torque step of the MPTC-LMC method (e.g., 1

represents zero voltage vector, 2—7 represent nonzero vectors).

method. This means that compared with the MPTC method, the
MPTC-LMC strategy has almost the same steady-state perf-
ormance, and considers the balance between inverter losses and
machine losses.

B. Dynamic Performance

The transient response of the MPTC-LMC method is inves-
tigated in this section. One of the advantages of the MPTC
method is the torque implementation of responding in time
which through selecting only active voltage vectors. Thus, the
selection of the voltage vectors of the MPTC-LMC method must
be analyzed and verified. The torque step is from O to 2 N-m,
which is generated by a speed step (from O to 2000 r/min).
The switching states of the flexible voltage vectors produced by
the two-level VSI are 000,...,111 . Both of 000 and 111 means
the zero voltage vector. In the experiment, the switching states
of the MPTC-LMC method are represented by seven Arabic
numbers, e.g., Switching state = 1 means 000,..., Switching
state = 7 means 110. The switching states of the MPTC-LMC
method is shown in Fig. 14. It can be seen that during a torque
step of the MPTC-LMC method, only the active voltage vectors
are selected. In order to evaluate the dynamic control behavior,
different speed reference steps have been applied to the system
in this test. In Fig. 15, the speed reference is from 0 to 1000
r/min at 0 s. The measured electrical torque, the measured me-
chanical speed, and the stator current are investigated. It can
be seen that the actual electrical torque can track the reference
torque very well during both of the start-up processes; thus, the
actual mechanical speed can also track the speed command very
well. The robustness of the MPTC-LMC method is verified by
a load torque disturbance experiment. The test IPMSM runs at
2000 r/min with a partial load. Two load steps (from 0.1 to 1
p.u., and from 1 to 0.1 p.u.) are applied to the control system
at 1 and 3.2 s, respectively. The experimental result is shown in
Fig. 16. It can be seen that the actual torque and speed can track
the reference value over a torque disturbance.

C. Efficiency Optimization

Whether the system efficiency can be improved by flux adap-
tation or not, and how much is the loss minimized of the
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MTPC-LMC method are the improvements compared to the
conventional strategy. These are in large part dependent on the

(2]
‘
B |
‘

accuracy of the machine model and the measurements. Thus, in
the experiments, the nonlinear machine parameters are applied
through the lookup table. Furthermore, in order to improve the
accuracy of the measurements, the influence of the temperature

Switching state
£

N
| 3
,l‘——‘—
| §

| §

| ¢

is also taken into account, i.e., a temperature sensor is used :

to monitor the temperature of the IPMSM, and an air cooling ,

system is installed in the test bench. In the proposed MPTC- 0 ‘ ‘ ‘ ‘ ‘

LMC method, the balance between machine losses and switch- 0 0.2 0.4 . 0.6 0.8 1 j3-2
ing losses are considered by the cost function (23). Thus, in this Time [s] x 10
section, both the machine and inverter losses of the MPTC-LMC (b)

method for the IPMSM are investigated and analyzed.
Fig. 17 shows the comparison of the switching state between
the MPTC-LMC method and the MPTC strategy. It can be seen

Fig. 17.  Switching state. (a) MPTC-LMC method. (b) MPTC method.
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Fig. 18. Inverter efficiency improvement of the MPTC-LMC method.
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Fig. 19. Inverter efficiency improvement of MPTC with pure MTPA method.

that the trajectories of the switching states of both methods are
random. However, when taking the switching sequence or the
switching loss into account, the total number of commutations of
the power semiconductors (e.g., MOSFET) of the MTPC-LMC
method is smaller than that of the MPTC method. The improve-
ment of the inverter efficiency is shown in Fig. 18, which is
achieved by balancing the inverter losses and control perfor-
mance (e.g., torque and current). The proposed MPTC-LMC
method takes the machine losses (e.g., copper loss, iron loss,
and PM loss) into account by utilizing the alternative Gopinath-
style LMC strategy. As preceding introduction, the Gopinath-
style LMC method combines the pure LMC method and the
MTPA method. In this section, compared with the conventional
MPTC method, the machine efficiency improvement of MPTC
with the pure MTPA method, the MPTC with the pure LMC
method, and the MPTC-LMC MPTC strategy are compared
and analyzed, respectively, as shown in Figs. 19-21. It can be
seen that when the optimal strategies are integrated into the
conventional MPTC method, the machine efficiency can be im-
proved. By taking the iron loss and PM loss into account, the
machine efficiency improvement of MPTC with the pure LMC
method is higher than that of the MPTC with the pure MTPA
method. However, due to the measurement errors of iron loss
and PM loss, the calculated stator flux reference induces the
efficiency decrease at relative low speed, as shown in Fig. 20.
The proposed Gopinath-style LMC method can compensate the
measurement error. As shown in Fig. 21, the improvement of
machine efficiency of the MPTC-LMC method is obvious and
without negative point.
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Fig. 20. Inverter efficiency improvement of MPTC with pure LMC method.
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Fig. 21.  Machine efficiency improvement of the MPTC-LMC method.

VI. CONCLUSION

In this paper, the MPTC-LMC method has been proposed,
developed, and implemented. This alternative solution of sys-
tem efficiency optimization considers the machine losses and
inverter losses simultaneously, and reduces the harsh require-
ment of the accuracy of the machine loss model. Furthermore, at
relative low switching frequency discrete machine model is de-
veloped. The experimental steady-state performances, dynamic
behaviors, inverter, and machine efficiency are investigated and
analyzed in details.

The concept of the machine losses optimization strategy in
this paper is based on a combination of the conventional MTPA
method and the LMC method. In this paper, at the relative low-
speed conditions, the copper loss of the machine is the dominate
target to be optimized. The iron loss and PM loss will be consid-
ered gradually, when the percentage and measurement precision
of the iron loss and PM loss rise with the increment of machine
speed. This alternative solution can simplify the implementation
of machine losses reduction and reduce the restrict accuracy
requirement of total machine losses at relative low-speed con-
ditions in practice. Compared with the pure LMC method, the
proposed Gopinath-style LMC strategy shows a high tolerance
of the flux trajectory. The performance has been evaluated by
simulation and experimental results.

When using a FCS-MPTC with switching constraint, the
switching sequence and the switching frequency can be opti-
mized. It seems obvious that the inverter losses drop with the
decreasing switching frequency. In order to compensate the
drawback of the normal discrete machine model, which is
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dependent on normal Euler function, an alternative discrete ma-
chine model based on improved Euler function is developed. It
reduces the error of the predictive current at relative low switch-
ing frequency conditions. When comes to the motivation of
system efficiency optimization, the machine losses and inverter
losses are two key points. Thus, under an acceptable range of
torque ripple, this paper finds a possible tradeoff point by bala-
ncing the system efficiency and drive properties (e.g., torque
and current). In other words, the proposed solution exchanges
appropriate drive performance for system efficiency. In this pa-
per, the improvement of the system efficiency has been verified
by experimental results.

In future work, in order to find a better balance point between
system efficiency and control performance, an implementation
of MPTC-LMC method under longer horizon prediction will be
aimed. On the other hand, the switching frequency of medium
large traction drive is constrained to a relative low value because
of the high heat load caused by the high switching loss due to the
high switching frequency, the proposed low switching frequency
discrete machine model will be applied for power traction drive
applications as medium large traction drive.

This proposed method provides an alternative solution for the
system efficiency optimization, which can control the inverter
losses and the machine losses by a cost function and the stator
flux reference. The advantage of the strategy is that the two
optimized targets (inverter losses and machine losses) are con-
trolled separately. In a sense, compared with the efficiency opti-
mization strategies based on only one parameter, this distributed
strategy improves the reliability of the system, i.e., this increases
the fault tolerance of the system.

APPENDIX A
COEFFICIENTS IN (10)

The coefficients of optimal reference stator flux in (10) are
shown as following:

al = (a+ f)ée? (25)
bl = be® +3(a + f)bde® (26)

y= —2Bit U @)
By = %T; - (28)
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The derivation of the coefficients in (10) are using the equa-
tions described as
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APPENDIX B

WEIGHTING FACTOR IN (23)

Method:

Suppose that the different machine parameters have the same
contribution to the cost function, and then the unitary method
(44) is used to simplified the weighting factor. The simplified
weighting factors of the cost function in (23) can be expressed as
(45) and (46)

X —min{X;—12 7}

Xpu. = . 44
M max{Xizio, 7} - min{Xi—12 7} @9
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