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Reference Frames
Haitao Zhang , Manfeng Dou, Member, IEEE, and Jia Deng

Abstract—Traditional loss-minimization strategies of model-
based control, copper loss minimization (CLM), and finite-element-
based control suffer from respective problems of iron loss mismatch
with a physical view, pseudominimization and amounts of efforts
when they are applied to permanent magnet synchronous motor
with nonsinusoidal back electromotive force (NS-PMSM). This
article combines theories of multiple synchronous reference frames
and iron loss resistance to develop a new model of NS-PMSM, based
on which the stator iron loss is evaluated to match well with the
physical view. Then, a current strategy is proposed to minimize the
total stator loss under constraints of ripple-free torque and finite
dc supply. The optimal current solution is solved in closed form
and implemented effortlessly. A good robustness to phase resis-
tance variation is also achieved. Compared to CLM, the proposed
strategy realizes a true minimization with the stator loss reduced by
9% and the motor efficiency enhanced by 0.7% at rated operation
of a 3.8-kW NS-PMSM. Precision of the iron loss evaluation and
performances of the strategy are validated experimentally on the
3.8-kW motor setup.

Index Terms—Iron loss evaluation, loss minimization, multiple
synchronous reference frames (MSRF), nonsinusoidal back
electromotive force (EMF), permanent magnet synchronous motor
(PMSM).

I. INTRODUCTION

P ERMANENT magnet synchronous motor (PMSM) with
surface-mounted magnets is attracting growing attentions

in drive systems of aerospace applications, owing to its advan-
tages of high power density and simple structure [1]–[3]. In these
applications, a shortage of power energy is probably suffered
due to finite chemical fuels or solar cells. Concerning the motor
usually consumes most of the power in the whole system, it is
eagerly expected to reduce the motor loss as much as possible
to save the power energy.

Recent years, in addition to design schemes, many control
strategies have been proposed to reduce the loss of PMSM. They
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are developed in single synchronous rotary frame (SRF1), and
according to the underlying principles, can be divided into three
categories of model-based control, copper loss minimization
(CLM), and finite-element (FE)-based control.

In the model-based control, additional d-axis current is in-
jected into the motor to weaken the airgap field, then flux densi-
ties in stator teeth and yokes are reduced, leading to a less stator
iron loss. Though the copper loss is increased, the sum of the two
losses is reduced. In this strategy, an iron loss resistance theory
is developed with a virtual resistance inserted in parallel with
magnetizing branches of d- and q-axis circuits, so that the iron
loss is evaluated as ohmic power of the resistance [4], [5]. Then,
the optimal current solution can be determined. Moreover, an
iron loss torque caused by hysteresis and eddy-current effects of
the stator core is properly compensated. In literature [6]–[8], the
model-based strategy was implemented incorporating the field-
orientated control, predictive torque control, and direct torque
flux control, respectively, so that high motor efficiency and
fast torque response were achieved simultaneously. However, a
problem for the strategy is that the stator iron loss is modeled in
SRF1 with only sinusoidal current and back electromotive force
(EMF) considered. In aerospace applications, the PMSMs are
usually designed with radially magnetized magnets to strengthen
the rotor fundamental magnetic field to achieve a higher power
density, and with concentrated windings to reduce the winding
ends. As a result, back EMFs of the motor tend to be significantly
nonsinusoidal [9]. For this kind of back EMF, the iron loss
modeled in SRF1 will mismatch with a physical view that is
explained later in this article, then leading to a loss minimization
error. Some other model-based strategies [10], [11] utilized a
Steinmetz equation to represent the iron loss, but the mismatch
is suffered as well.

The CLM strategy aims to produce a desired electromagnetic
torque with minimal copper loss [12]–[14]. By keeping constant
the dot product of current vector and back EMF vector, the torque
can be produced free of ripple. Meanwhile, winding copper loss
can be minimized by aligning the two vectors, so as to enhance
the motor efficiency. This strategy is applicable for PMSM with
nonsinusoidal back EMF (NS-PMSM). However, it cannot drive
the motor to true minimal-loss (ML) points because the stator
iron loss, which is also affected by the current vector, is out
of consideration. Therefore, the CLM is actually a pseudoloss-
minimization strategy. In addition, the iron loss torque cannot
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Fig. 1. Circuital scheme of a NS-PMSM drive.

be compensated, leading to an error in generating the desired
torque [15].

In [16] and [17], the optimal current solution was determined
based on a FE iron loss model, so as to cover the case of
nonsinusoidal back EMFs and current. A main challenge of this
strategy is that large amounts of efforts have to be devoted to
FE simulations under various operating conditions. A lookup
table is also required to store the current solutions for real-time
implementation, resulting in a bulky firmware.

In [18] and [19], multiple synchronous reference frames
(MSRF) theory was introduced to address harmonic issues of
permanent-magnet (PM) motor. However, this theory is not
applicable for loss minimization of NS-PMSM because the
stator iron loss cannot be evaluated. This article combines the
theories of MSRF and iron loss resistance to develop a new
model of NS-PMSM, based on which the stator iron loss can
be evaluated precisely and matches well with the physical view.
Then, the total stator loss, consisting of copper loss and iron
loss, is minimized subjecting to constraints of ripple-free torque
and finite dc supply voltage. The optimal current is determined
with a simple expression, which can be implemented effortlessly.
A comparison with CLM strategy indicates that the proposed
strategy performs better in reducing the stator loss and enhancing
the motor efficiency especially in high-speed region of the motor.
Compared to traditional model-based strategy, a more precise
loss-minimal-point tracking is realized. Finally, performances of
the proposed strategy are validated experimentally on a 3.8-kW
NS-PMSM setup which is designed to drive a fuel pump in
aerospace.

II. MODEL OF NS-PMSM WITH STATOR IRON LOSS

A. Mismatch Between Iron Loss in SRF1 and Physical View

Considering a NS-PMSM drive with three-phase windings,
the circuital scheme is shown in Fig. 1. The windings are repre-
sented by the phase resistance R, inductance L, and back EMFs
euj ωr (j = a, b, c), where ωr is the rotor speed, and euj are
the ratios of back EMFs to ωr. Phase voltages ujo are measured
with respect to the neutral point of the windings, denoted with o.
udc is the dc supply voltage. Phase currents ij are positive when
entering into the motor. With reference to Fig. 1, the phase
voltage equation in ABC frame can be expressed as

⎡
⎣
uao

ubo

uco

⎤
⎦ = R

⎡
⎣
ia
ib
ic

⎤
⎦+ Lp

⎡
⎣
ia
ib
ic

⎤
⎦+ ωr

⎡
⎣
eua
eub
euc

⎤
⎦ (1)

Fig. 2. Equivalent d- and q-axis circuits of a NS-PMSM in SRF1 with stator
iron loss included.

where the symbol “p” represents a differential operation.
The equation that transforms variables from ABC frame to

SRF1 with invariant power is generally known as

TABC−SRF1=

√
2

3

[
cosθe cos

(
θe − 2π

3

)
cos
(
θe +

2π
3

)
−sinθe −sin

(
θe − 2π

3

) −sin
(
θe +

2π
3

)
]

(2)
where θe is the rotor electrical position. Applying (2) to (1)
yields
[
ud

uq

]
= (R+ Lp)

[
id
iq

]
+ k0ωrL

[−iq
id

]
+ ωr

[
eud
euq

]
(3)

where the subscripts d and q represent the direct axis and
quadrature axis of SRF1, and k0 is the number of rotor pole
pairs. Based on (3), the equivalent d- and q-axis circuits of a
NS-PMSM are described in Fig. 2. The resistance Ri is inserted
to represent the stator iron loss. According to Fig. 2, the current
equation is written as

⎧
⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Lωr
didm
dθe

− k0ωrLiqm −Riidi = −eudωr

Lωr
diqm
dθe

+ k0ωrLidm −Riiqi = −euqωr

id = idm + idi

iq = iqm + iqi.

(4)

To explain the mismatch between the iron loss in SRF1 and
the physical view, a 3.8-kW NS-PMSM is taken as a general
example. Rated data of the motor are specified in the Appendix.
Due to the radial magnetization and concentrated winding ap-
plied, back EMF of the motor includes significant fifth and
seventh harmonics. As a result, the measured eud and euq pulsate
in a period of π/3 electrical radian, as Fig. 3 shows. Now,
consider a no-load operation of the motor at rated speed ωN .
Substituting id = iq = 0 into (4), the currents idi and iqi can be
solved. Then, the stator iron loss Pir,SRF1 is calculated through

Pir,SRF1 = Ri

(
i2di + i2qi

)
(5)

and plotted in Fig. 3. It is shown that the loss pulsates in the
period of π/3 electrical radian as well.

The physical view has been widely accepted that dynamic
iron loss depends on distributions of flux density B and time
derivative dB/dt in the stator core [20], [21]. In no-load operation
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Fig. 3. Measured eud and euq of the 3.8-kW motor and the no-load stator
iron loss evaluated in SRF1.

of the motor, armature field can be ignored. If we view from
SRF1 and neglect a slotted effect, the distributions of B and dB/dt
will be constant regardless of the rotor position, resulting in a
constant stator iron loss as well. Obviously, pulsated Pir,SRF1

mismatches with the physical view.
Traditional model-based strategy in SRF1 can be described

by an optimizing problem as [8]

Minimize Ps,SRF1 = Pir,SRF1 +R
(
i2d + i2q

)
(6)

subjecting to the torque constraint

idmeud + iqmeuq = Te,cmd.

Ps,SRF1 represents the total stator loss in SRF1. Te,cmd is the
load command. When solving the optimal solution of id,q, two
disadvantages are suffered, one of which is that the mismatch
between Pir,SRF1 and the physical view may cause an error to
the optimal id,q . As a result, minimized stator loss will not be
achieved. This disadvantage has been validated experimentally
later in this article. The other one is that since eud and euq contain
ac components, currents idm and iqm also contain ac components
to produce a constant torque, so the differential items didm/dθe
and diqm/dθe in (4) cannot be ignored. Then, idm, iqm and idi,
iqi are difficult to be expressed in closed forms with id,q, which
brings trouble to solve the optimal id,q analytically.

B. New Model of NS-PMSM With Stator Iron Loss

The MSRF theory [18], [19] indicates that an nth harmonic
component in ABC frame can be transformed to a constant
variable in a rotary frame with a synchronous speed of nk0ωr.
Here, the rotary frame is denoted as SRFn for short. With the
first, fifth, and seventh harmonics examined, the phase current ia

and EMF ratio eua can be expressed as

ia =
∑
n

Insin(nθe + θn) n = 1, 5, 7 (7)

eua =
∑
n

Ensin(nθe) n = 1, 5, 7 (8)

where In andEn are the nth harmonic magnitudes. θn represents
the offset angle between the nth harmonics of ia and eua. The
expressions for Phases B and C can be obtained by displacing
θe with (θe − 2π/3) and (θe − 4π/3), respectively. Referring
to (7) and (8), (1) can be decomposed to three harmonic voltage
equations as (9), shown at the bottom of this page, where

ujo =
∑
n

ujn, n = 1, 5, 7 and j = a, b, c.

The equations that transform variables from ABC frame to
SRF5 and SRF7 are written as [19]

TABC−SRF5

=

√
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3

[
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(
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)
cos
(
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3

)
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(
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3
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(
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3

)
]

(10)

TABC−SRF7

=

√
2

3
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(
7θe − 2π

3
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7θe +

2π
3
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−sin7θe −sin

(
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3

) −sin
(
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3

)
]
.

(11)

Applying TABC-SRF1, TABC-SRF5, and TABC-SRF7 to (9)
shown at the bottom of this page, at the respective cases of
n = 1, n = 5, and n = 7, the model of NS-PMSM is yielded
in MSRF as
[
un
d

un
q

]
= R

[
ind
inq

]
+ nk0ωrL

[−inq
ind

]
+ ωr

[
0
enq

]
, n = 1, 5, 7

(12)
where

ind =

√
3

2
Insinθn, i

n
q = −

√
3

2
Incosθn and enq = −

√
3

2
En.

The superscript n indicates the variable adhered in SRFn.
The spatial relationship between different frames is shown in
Fig. 4. According to the iron loss resistance theory [5], stator
iron loss caused by the nth harmonic airgap field, denoted as
Pn
ir, can be represented by a virtual resistance Rn

i in parallel
with magnetizing branches of dn− and qn − axis circuits. With
reference to (12), a new model of NS-PMSM considering the
iron loss is described in Fig. 5. Then, current equation is written

⎡
⎣
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⎦ , n = 1, 5, 7

(9)
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Fig. 4. Spatial relationship between different frames.

Fig. 5. New model of NS-PMSM in SRFn with stator iron loss included.

as
⎧
⎪⎪⎪⎨
⎪⎪⎪⎩

indi + indm = ind
inqi + inqm = inq

indi = −kn1 i
n
qm

inqi = kn1 i
n
dm + kn2

(13)

where

kn1 =
nk0ωrL

Rn
i

and kn2 =
ωre

n
q

Rn
i

.

Eliminating indi and inqi yields

[
indm
inqm

]
=

[
1 −kn1
kn1 1

]−1 [
ind

inq − kn2

]
. (14)

Then Pn
ir is derived as

Pn
ir = Rn

i

(
in2di + in2qi

)
= Rn

i

[(
kn1 i

n
qm

)2
+ (kn1 i

n
dm + kn2 )

2
]

=
Rn

i

[(
kn1 i

n
q

)2
+ (kn1 i

n
d + kn2 )

2
]

1 + kn21

. (15)

In general, the total stator iron lossPir,MSRF can be equivalent
to a sum of the partial iron losses caused by the harmonic fields
[16], [22], that is

Pir,MSRF =
∑
n

Pn
ir. (16)

Now, consider the no-load operation of the motor. Substituting
ind = inq = 0 into (15) and (16), the stator iron loss is obtained
as

Pir,MSRF =
∑

n=1,5,7

Rn
i k

n2
2

1 + kn21

(17)

which is a constant regardless of the rotor position and
matches well with the physical view. Moreover, since indm
and inqm are constant in stable operation of the motor,
there is no differential item included in (13). Then, indm,
inqm and indi, inqi can be expressed in closed forms with
ind,q , which brings convenience to solve the optimal ind,q
analytically.

Experimental study in [23] indicates that the iron loss re-
sistance has a linear relationship with synchronous angular
velocity of the rotary airgap field. Therefore, Rn

i can be ex-
pressed as (ank0ωr + b). In order to determine the coefficients
a and b, a no-load test of the motor should be carried out to
measure the active input power under various speeds. Since
the copper loss is very small, the input power can be approxi-
mated as the stator iron loss. In the test, six-step mode of the
inverter is preferred because it is simple to be implemented
and the output voltages are without pulsewidth modulation
(PWM) carrier harmonics. By substituting Rn

i into (17) and
then fitting Pir,MSRF to the measured iron loss, a and b can be
obtained.

III. PROPOSED LOSS-MINIMIZATION STRATEGY

A. Proposed Strategy

According to the circuits in Fig. 5, the electromagnetic torque
Te can be written as

Te = T0 + Tripple (18)

where T0 is a constant torque produced by interactions between
iqm and eq in the same frame, and the ripple torque

Tripple = T6dsin 6θe + T6qcos 6θe + T12dsin 12θe

+ T12qcos 12θe

is produced by interactions between iqm and eq in different
frames. T0, T6d, T6q , T12d, and T12q can be expressed in a matrix
form as

⎡
⎢⎢⎢⎢⎣

T0

T6d

T6q

T12d

T12q

⎤
⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎣

0 e1q 0 e5q 0 e7q
−e5q − e7q 0 −e1q 0 e1q 0

0 e7q − e5q 0 −e1q 0 e1q
0 0 −e7q 0 −e5q 0
0 0 0 −e7q 0 −e5q

⎤
⎥⎥⎥⎥⎦

︸ ︷︷ ︸
Em

⎡
⎢⎢⎢⎢⎢⎢⎣

i1dm
i1qm
i5dm
i5qm
i7dm
i7qm

⎤
⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
Im

.

(19)
Rewriting (14) as

[
ind
inq

]
=

[
1 −kn1
kn1 1

] [
indm
inqm

]
+

[
0
kn2

]
(20)
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the winding copper loss Pcu can be derived as

Pcu = R
∑

n=1,5,7

(
in2d + in2q

)

= R
∑

n=1,5,7

[(
indm − kn1 i

n
qm

)2
+
(
kn1 i

n
dm + kn2 + inqm

)2]
.

(21)

Based on (15), (16), and (21), the total stator loss Ps can be
expressed in a quadric form as

Ps = Pir,MSRF + Pcu =
1

2
IT
mQIm + hIm + c (22)

where ⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Q = diag
(
Q1, Q1, Q5, Q5, Q7, Q7

)

h =
[
h1
d, h

1
q, h

5
d, h

5
q, h

7
d, h

7
q

]

c =
∑

n=1,5,7
(R+Rn

i ) k
n
2
2

Qn = 2
(
R+ kn1

2R+ kn1
2Rn

i

)

hn
d = 2kn1 k

n
2 (R+Rn

i )

hn
q = 2Rkn2 .

(23)

In order to minimize the total stator loss and simultane-
ously suppress the ripple torque, an optimizing problem is
developed as

Minimize Ps

subjecting to the constraints
⎧
⎨
⎩

T0 = Te,cmd (24a)
T6d = T6q = T12d = T12q = 0 (24b)
up ≤ udc (24c)

where up is peak value of the motor line voltage. Without
considering the constraint (24c), solution to the problem can
be solved by Lagrange multiplier method as

[
Im

λ

]
=

[
Q ET

m

Em 0

]−1 [−hT

z

]
(25)

where z = [Te,cmd, 0, 0, 0, 0]
T , and λ is the Lagrange multi-

plier vector. Expanding (25) and substituting the resulted indm
and inqm into (20), optimal currents ind,opt and inq,opt can be
derived as{

ind,opt ≈ indm = sign(n)kn3 (26a)
inq,opt ≈ inqm + kn2 = kn4 Te,cmd + kn2 (26b)

where ⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

sign(n) =

{
−1 n = 1, 7

1 n = 5

kn3 = enq
e1qh

1
d−e5qh

5
d+e7qh

7
d

Q1(e1q)
2+Q5(e5q)

2+Q7(e7q)
2

kn4 =

⎧
⎪⎨
⎪⎩

k5e
1
q

(
e5q + e7q

)
n = 1

k5e
5
q

(
e7q − e5q

)
n = 5

k5e
7
q

(
e5q − e7q

)
n = 7

k5 = 1

((e1q)
2−(e5q−e7q)

2)(e5q+e7q)
.

(27)

Fig. 6. Behaviors of ind,opt versus rotor speed calculated from the 3.8-kW
motor.

Fig. 7. Behavior of up versus rotor speed under different Te,cmd.

In the derivation, kn1 in (20) is approximated as zero because
L is usually far less than a. For a manufactured NS-PMSM, enq
are constant, and then ind,opt only depends on the rotor speed.
Fig. 6 shows the behaviors of ind,opt calculated from the 3.8-kW
motor. It is seen that ind,opt are almost proportional to the rotor
speed.

Equation (26b) indicates that inq,opt have linear relationships
with Te,cmd. The slopes kn4 only depend on enq . The item kn2
in (26b) acts to compensate for the iron loss toque. The optimal
currents of (26) are simple in expression and can be implemented
online under various speed and load conditions. Then, amounts
of efforts and lookup table are not necessary.

The motor is driven by the proposed strategy. Under different
Te,cmd, behaviors of up versus rotor speed ωr are plotted in
Fig. 7. It is seen that up is almost proportional to ωr, and
gets greater with Te,cmd increasing. Specially, the proportional
factor under rated load is denoted as pfN . Now, consider a
certain operation. If udc is greater than the corresponding up,
the motor can be operated in two modes, as shown in Fig. 8. In
the torque control mode, Te,cmd is determined directly by the
system desired torque Te,des. In the speed control mode, Te,cmd

is determined by the output of a speed controller. Reference of
the controller is the system desired speed ωr,des. If udc is less
than the corresponding up, the operation cannot be maintained
anymore, which may result in a greater stator loss and significant
torque ripple. In order to suppress the stator loss and torque
ripple, the motor has to be operated in the speed control mode
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Fig. 8. Proposed strategy considering lower dc supply voltage.

Fig. 9. Instantaneous phase-A currents and electromagnetic torques of the
proposed and CLM strategies under the conditions Te,cmd = 1.0 N·m and
ωr = ωN .

with a lower reference. As Fig. 8 shows, the reference is given
as the ratio of udc to pfN . In this case, Te,cmd is determined by
output of the speed controller to match the load adaptively.

B. Comparison With CLM Strategy

The CLM strategy in MSRF can be described by an optimizing
problem as

MinimizeRIT
mIm

subjecting to the constraint Em Im = z. Solving the problem
by the Lagrange multiplier method, the CLM current vector
ICLM is obtained as

ICLM =

([
[1] ET

m

Em 0

]−1 [
0
z

])

6

= Te,cmd

[
0, k14 , 0, k

5
4 , 0, k

7
4

]T

where [1] is an identity matrix of six orders, and the subscript “6”
represents the first six rows of the matrix. Since there are no d-
axis currents included inICLM, the corresponding phase current
appears a phase lag and less amplitude compared to current of
the proposed strategy, as shown in Fig. 9. The figure also shows
a torque error of 0.17 N·m for the CLM strategy because the

Fig. 10. Behaviors of the iron loss Pir,MSRF, copper loss Pcu, and total
stator loss Ps versus i1d under the rated load and speed.

Fig. 11. Loss reduction map of various loads and speeds.

iron loss torque is not compensated. By comparison, precise
electromagnetic torque is produced by the proposed strategy.
If we substitute ωr = 0 into (26), it is interesting to find that
the vector [i1d,opt, i

1
q,opt, i

5
d,opt, i

5
q,opt, i

7
d,opt, i

7
q,opt]

T equals to
ICLM, that means the CLM strategy is actually a special case
of the proposed strategy that ωr equals to zero.

For a given i1d, other ind and ind can be determined under the
constraints of (24a) and (24b). Then, the iron loss Pir,MSRF,
copper lossPcu, and total stator lossPs can be calculated through
the equations of (16), (21), and (22). Fig. 10 shows behaviors
of the losses versus i1d under the rated load and speed. It is seen
that the CLM strategy indeed produces the least copper loss at
the i1d of 0, but the stator loss is not minimized because a greater
iron loss is caused. The proposed strategy, although causes an
increase of 25-W copper loss, can reduce more iron loss of 59 W
at the i1d of −9 A. As a result, the total stator loss is reduced by
34 W and reaches the real minimal value.

A variable defined as (1− Ps,opt /Ps,CLM) is used to eval-
uate the loss reductions between the two strategies. Ps,opt and
Ps,CLM represent the stator losses of the proposed and CLM
strategies, respectively. Fig. 11 shows the loss reduction map
of various load and speed conditions. It seems that the proposed
strategy performs better when the motor operates in a high-speed
and light-load region, where the loss reduction comes to as
great as 12%. With the load increasing, the reduction gets less
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Fig. 12. Measured phase resistance R and iron loss resistances Rn
i under rated

operation of the motor.

slightly, reaching about 9% at the rated load. With the rotor speed
decreasing, the reduction gets to zero rapidly.

C. Robustness to Motor Parameters

It is noted from (27) that the optimal currents ind,opt and
inq,opt depend on the motor parameters of phase resistance R,
iron loss resistance Rn

i , inductance L, and EMF ratios enq . For
a NS-PMSM with surface-mounted structure, the equivalent
(augmented) airgap prevents the stator core from saturation, so
the inductance L does not change a lot during motor operation. In
aerospace application with a high-reliability requirement, SmCo
magnet is generally used due to its steady magnetic performance
under field-weakening and harsh temperature conditions, so enq
are almost constant in operation. To confirm the behaviors of
R and Rn

i , their value curves are tested under rated operation of
the 3.8-kW motor. At beginning of the test, winding and stator
core temperatures equal to the ambient temperature of 25 °C.
Values of R andRn

i under this condition are denoted as respective
Ra andRn

ia. With the motor running, test results of R andRn
i are

shown in Fig. 12, which is normalized to Ra and Rn
ia. It is seen

that, both of R andRn
i get greater because the winding and stator

core are heated by the loss power. About 20 min later, the motor
comes to a heat equilibrium. Rn

i only increases by 7% during
the operation, while R increases by as large as 50%, which may
result in inaccuracies of the proposed strategy.

Assume that in a certain operation, R increases from Ra to
k6Ra, other parameters of L, enq and Rn

i remain unchanged.
Then, the total stator loss, alternatively denoted as Psn, is
obtained as

Psn = Ps|R=k6Ra
(28)

where Ps is expressed as (22). To evaluate the effect of R
variation on accuracy of the proposed strategy, a variable of
loss control error Errl is introduced as

Errl =
P̂sn,opt

Psn,opt
− 1

where Psn,opt is the optimal stator loss considering R variation.
It is calculated by substituting R = k6Ra into (26) and (27),
then substituting the resulted ind,opt and inq,opt into (28). P̂sn,opt

is the optimal stator loss without considering R variation. It is

Fig. 13. Behavior of Errl versus k6 under rated operation of the motor.

Fig. 14. Errl under various operations of the motor when k6 equals to 1.5.

calculated by substituting R = Ra into (26) and (27), then
substituting the resulted ind,opt and inq,opt into (28). At the rated
operation, the behavior ofErrl versus k6 is calculated and shown
in Fig. 13. It is seen thatErrl increases with k6 becoming greater.
Given k6 as 1.5, Errl under various operations is shown in
Fig. 14, which indicates that Errl increases when the motor
operates in a higher speed with lower load. The greatest value
of Errl appears in a very small level of 1.9%, that means the
proposed strategy has a good robustness to the variation of
winding phase resistance.

IV. EXPERIMENT

A. Experimental Setup

Fig. 15 shows the experimental setup of the 3.8-kW NS-
PMSM. It is designed to work at a 15-km high altitude for
fuel pump driving. The stator core is designed to be cooled by
oil, but in the lab experiments, water is used instead of oil for
safety concern. A high-speed dynamometer is coupled with the
motor to apply a load torque which is controlled proportionally
to the rotor speed. The device DSP6001 is used to adjust the
load proportional coefficient, so that the motor can be operated
stably under various loads and speeds. The device also acts to
measure the axis torque of the motor, which is approximated as
the electromagnetic torqueTe. A resolver is mounted to measure
the rotor position. A power module PM75DSA120 is utilized as
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Fig. 15. Experimental setup of the 3.8-kW NS-PMSM.

Fig. 16. Current control loop scheme.

the voltage source inverter (VSI). The phase current, losses, and
motor efficiency are tested by the power analyzer WT3000.

Fig. 16 shows a scheme of the current control loop. The current
decouple module transforms measured three-phase currents to
the d n− and qn − axis variables indq,mea. Then, low-pass But-
terworth filters LPFn are applied to extract constant feedback
currents indq,fdb. After PI regulations in MSRF, the resulted
voltage commands un

dq are synthesized in the stationary α-β
frame, and then fed to the space vector pulsewidth modula-
tion (SVPWM) generating module. With this control scheme,
the fifth and seventh current harmonic references can be well
tracked without the limitation of current-loop bandwidth. More-
over, voltage disturbances from the VSI dead-time effect and
the back EMF harmonics can be compensated adaptively by
the PI regulators. Both the proposed strategy and control scheme
are implemented on a DSP platform of TMS320F28335. The
data of indq,opt, i

n
dq,mea, and indq,fdb are transferred from DSP to

PC side through a high-speed RS485 interface.
The Butterworth filers LPFn are specially designed for the

control scheme. Take the indq,mea at rated operation as an ex-
ample. Assume that the measured phase currents can perfectly
track the reference, then ac components in i5q,mea and i7q,mea

appear with a frequency of 6k0ωr and amplitudes of about 20 A.

Fig. 17. Measured instantaneous phase-A currents under a low speed of0.1ωN

and a high speed of 1.0ωN . Te,cmd is given as TN .

Fig. 18. Measured torque transient response under a step of Te,cmd from 0
to TN .

These ac components may cause disturbances in their control
loops. In order to suppress the ac components, meanwhile, to
keep the loops convergent, LPF5 and LPF7 are designed as
second-order filters with a cutoff frequency of 0.42k0ωr, so that
the ac components can be attenuated by a factor of 200. The
ac component in i1q,mea appears with a very small amplitude of
0.67 A and hardly disturbs the control loop, so LPF1 is designed
as a first-order filter with a great cutoff frequency of 6k0ωN , so
that a good dynamic is achieved by the loop. Driving the motor
under the proposed strategy, phase A currents are measured
under a low speed of 0.1ωN and a high speed of 1.0ωN . Fig. 17
shows the results, which indicate that the reference currents can
be tracked precisely under the control scheme.

Since LPFn cannot perfectly decouple the currents of different
frames in a torque transient process, significant torque pulsations
will be caused by interactions of the current loops, as the torque
response measured in Fig. 18 shows. In the measurement,Te,cmd

is given as a step from 0 to TN . To suppress the pulsations, a
loop switch is used, which disables the fifth and seventh loops
at beginning of the step, and then enables the loops again when
outputs of LPF5 and LPF7 become stable. Torque response with
the loop switch is measured in Fig. 18, which shows that the
torque pulsations are effectively suppressed. A good dynamic
performance of the electromagnetic torque is realized.
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Fig. 19. Measured stator iron loss under various load commands and speeds
(a) with and (b) without PWM pulsations of the airgap field. The measured and
calculated results are marked with circular and square symbols, respectively.

B. Iron Loss Precision Validation

In the test, the motor is driven under the proposed strategy.
Stator iron losses under various load commands and speeds are
measured by subtracting the output power and copper loss from
the active input power of the motor. Some friction losses are
included in the measured iron loss, but they are small enough to
be ignored. Fig. 19(a) presents the measured results, compared
with the results calculated from a union of (26), (15), and (16).
It is seen that the measured results are generally greater than the
calculated ones. The reason may be that the airgap field pulsa-
tion, which is caused by SVPWM, results in additional hysteresis
loss and eddy-current loss in the stator core [24]. According to
the study in [25], the additional loss can be removed from the
measured input power if PWM carrier harmonics of the phase
voltage are filtered. In the test, a LPF is realized by WT3000
with a cutoff frequency of 15 kHz. The stator iron losses are
remeasured as shown in Fig. 19(b), which have a good agreement
with the calculated results. Therefore, the iron loss evaluation
based on the new model of NS-PMSM is validated to be precise
without PWM pulsations of the airgap field.

C. Proposed Strategy Validation

Given Te,cmd = TN , ωr = 1.00ωN , 0.75ωN , 0.50ωN , and
0.25ωN , the total stator loss are measured under various iid.
Other ind and inq are determined by the constraints (24a) and
(24b). Fig. 20 shows the measured results compared with the

Fig. 20. Behaviors of total stator loss versus i1d measured under the rated
load and different rotor speeds of (a) 1.00ωN , (b) 0.75ωN , (c) 0.50ωN , and
(d) 0.25ωN .

Fig. 21. Measured stator loss reduction of the proposed strategy with respect
to CLM strategy mapped in full operation range of the motor.

calculated ones. It is indicated that the proposed strategy can
accurately track the ML points under different rotor speeds.

Stator loss reduction of the proposed strategy with respect
to CLM strategy is measured in full operation range of the
motor and mapped in Fig. 21. The difference in motor efficiency
between the two strategies are mapped in Fig. 22. As can
be seen, the measured loss reductions roughly agree with the
theoretical results of Fig. 11. The greatest reduction comes to
about 12% under rated speed and light load, resulting in a 2.1%
enhancement of the motor efficiency. In the rated speed and
load, the stator loss can be reduced by 9%, and the efficiency is
enhanced by 0.7%, from 90.5% under CLM to 91.2% under the
proposed strategy.

The electromagnetic torque error is defined as (1−
Te /Te,cmd). Fig. 23 shows the measured errors under various
rotor speeds and load commands. It is seen that for CLM strategy,
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Fig. 22. Measured difference in motor efficiency between the proposed and
CLM strategies mapped in full operation range of the motor.

Fig. 23. Electromagnetic torque errors measured for the proposed and CLM
strategies under various rotor speeds and load commands.

the errors get greater with Te,cmd decreasing and ωr increasing.
Especially in the operation of Te,cmd = 1.0 N·m and ωr = ωN ,
the error comes to as great as 18%. By contrast, since the iron
loss torque has been compensated by the proposed strategy, the
torque errors are suppressed to a very small level of 5% in full
operation range of the motor.

Instantaneous feedback currents inq,fdb and the corresponding
electromagnetic torque Te are measured under the proposed
strategy in a lower dc supply of 240 V. The motor is operated
under torque control model by default. Other conditions are
pfN = 0.216 V/(rad/s), Te,des = TN . The load proportional
coefficient is selected as TN /ωN , that means the motor will run
to rated speed if the dc supply is unlimited. Fig. 24 ranging from
250 to 300 ms shows the measured results without considering
the finite dc supply. It is seen that the feedback currents cannot
track the reference inq,opt precisely, resulting in a significant
torque ripple. The average speed and stator loss are measured as
1172.9 rad/s and 287.3 W. Fig. 24 ranging from 300 to 350 ms
shows the measured results considering the finite dc supply. The
motor is driven in speed control mode with the reference of
1110.9 rad/s, and Te,cmd is regulated to 2.65 N·m to match the
load adaptively. It is seen that the feedback currents track well
with the references, and the electromagnetic torque is produced

Fig. 24. Measured instantaneous feedback currents and electromagnetic
torque with and without considering the finite dc supply voltage. AC components
included in source data of inq,fdb are further attenuated offline to make the
comparisons more clear.

TABLE I
TESTED Errl UNDER VARIOUS K6 AND OPERATIONS

with a very small ripple. The stator loss is measured as 281.5 W,
which agrees with the result of 279.6 W measured under the
same speed and Te,cmd but a higher dc supply of 290 V. Above
measurement indicates that the proposed strategy has a good
performance in maintaining the loss-minimization operation
under finite dc supply voltage.

In order to validate robustness of the proposed strategy to
phase resistance variation, the loss control errorErrl is measured
under various k6 and operations. The dc supply voltage is given
as 290 V. The results are listed in Table I. It is seen that Errl

becomes greater when the phase resistance increases during the
operation. The greatest Errl is measured as only 2.0% in an
operation with high speed of 1.00ωN and low load command of
0.17TN . It is validated that the proposed strategy characterizes
a good robustness to phase resistance variation.
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TABLE II
TESTED STATOR LOSSES OF TWO STRATEGIES

D. Comparison With Model-Based Strategy in SRF1

If ignoring the differential items in (4), optimal id,q can be
solved according to the optimizing problem described in (6).
Transferring the optimal id,q to ind,q in MSRF and then feeding
to the current control loop as references, the stator loss under the
model-based strategy in SRF1 can be tested. GivenTe,cmd asTN ,
Table II lists the test results Ps,SRF1 under various rotor speeds,
compared with the results Ps,opt of the proposed strategy. It is
seen that the strategy in SRF1 produces a greater stator loss
than the proposed strategy because the iron loss evaluated in
SRF1 mismatches with the physical view. In a higher speed,
loss difference (Ps,SRF1 − Ps,opt) between the two strategies
becomes more significant.

V. CONCLUSION

In this article, a new model of NS-PMSM has been developed
under a combination of the theories of MSRF and iron loss
resistance. Based on the model, the stator iron loss has been
evaluated precisely and matched well with the physical view. A
loss-minimization strategy has been proposed for NS-PMSM,
with an improvement of more efficient implementation com-
pared to traditional search strategy. Precise iron loss evaluation
and electromagnetic torque generation have been validated ex-
perimentally based on a 3.8-kW NS-PMSM. Compared to the
CLM strategy, loss reductions of 9% and efficiency enhance-
ment of 0.7% have been observed at rated operation of the
motor.

APPENDIX

3.8-KW NS-PMSM SPECIFICATIONS
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