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ABSTRACT The ratio of torque to copper loss can be increased by injecting third-harmonic current into five-
phase permanent-magnetic synchronous motor (PMSM). Accurate flux linkage information is indispensable
in the process of calculating third-harmonic current reference corresponding to the maximum torque/copper
loss ratio. In harsh working environments, the flux linkage will deviate from the initial measured value,
resulting in the deviation between the third-harmonic current and the maximum torque/copper working point.
Therefore, a third-harmonic current injection control strategy of five-phase PMSM based on third-harmonic
current reference online identification is proposed in this paper. The key of this strategy is to transform
the steady-state voltage equations into an equation containing only voltages and currents. The transformed
equation has a characteristic that it is equal to O when the motor operates at the maximum torque/copper loss
ratio working point. Meanwhile, an observer is designed to estimate the third-harmonic current reference
by using the characteristic. Finally, the observer is applied in third-harmonic current injection control of
five-phase PMSM. Compared with previous methods, the proposed strategy is simple, no need of flux
linkage information and not affected by the change of flux linkage. The experimental results demonstrate
the robustness of the proposed strategy.

INDEX TERMS Five-phase permanent-magnetic synchronous motor, third-harmonic current injection,
online identification.

I. INTRODUCTION tolerance [4], [S]. Especially, five-phase PMSM is reported

Multiphase motors are widely concerned because of their
distinctive advantages, such as high reliability and low torque
ripple [1], [2], [3]. Due to the above advantages, multi-
phase motors have broad applications in electric vehicles,
aerospace, and ship propulsion. As a typical motor of mul-
tiphase motors, five-phase permanent-magnet synchronous
motor (PMSM) combines the characteristics of multiphase
motor and PMSM, and shows considerable advantages in
efficiency, power density, dynamic performance, and fault-
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to be enhanced torque production using third-harmonic injec-
tion [6], [7]. With the rapid development of industrial technol-
ogy, the motor requires higher torque density. The methods
of improving motor torque density by using third-harmonic
injection have caused tremendous attention.

Employing the optimal third-harmonic magnet shaping
to obtain maximum fundamental flux within the flux lim-
itation is a common method to improve the torque of
PMSM [8], [9], [10], [11]. The peak of air-gap flux density
is reduced by injecting the third-harmonic component to
improve the utilization rate of permanent magnets. For three-
phase PMSMs with balanced Y-connected windings, which

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

41840

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 11, 2023


https://orcid.org/0000-0001-8418-1221
https://orcid.org/0000-0002-7412-4431
https://orcid.org/0000-0002-1931-4689
https://orcid.org/0000-0002-1611-3910

J. Li et al.: Third-Harmonic Current Injection Control of Five-Phase PMSM

IEEE Access

the third-harmonic current is naturally suppressed, it is unnec-
essary to consider the influence of the third-harmonic injec-
tion on the operation of the motor. However, for five-phase
PMSMs, the current caused by the third-harmonic injection
not only increases copper loss but also affects the operation
of the motor. Therefore, the third-harmonic current is nec-
essary to be considered in motor design and control. One
method is to suppress the third-harmonic current to reduce
copper loss and improve performance. In [12], double space
vector control and multi-dimensional modulation method are
combined to achieve the suppression of the third-harmonic
current by the authors. However, it does not make full use
of the torque output capacity of the motor. Another more
competitive method is to inject the third-harmonic current to
maximize the torque output. Third-harmonic current is used
to couple with the third-harmonic spatial magnetomotive
force (MMF) to yield additional average torque components.
In [13], a five-phase PMSM, which has trapezoidal back
electromotive force (EMF) and is supplied with the com-
bined fundamental plus third-harmonic currents, has been
verified to have better performance than the BLDC motor
due to its controllability and compatibility with vector control
technique by simulation and experiment. In [14], the authors
found that, although the copper loss and iron loss increase
due to additional third harmonics in the winding current and
magnet shape, the average torque with optimal third harmon-
ics injected in magnet shaping and current waveform can
be improved by >30% while the torque ripple and remains
similar to that of the one with sine shaping. In [15], it is
found that torque improvement can be achieved by employing
the unequal tooth structure in five-phase PMSM, and the
torque improvement with the optimal third-harmonic current
injection is only dependent on the ratio of the third-harmonic
back EMF to the fundamental one. In addition to improving
torque output through motor design, the matching control
method to achieve third-harmonic injection is also of great
research value.

Compared with model predictive control (MPC) and direct
torque control (DTC), vector control has more advantages
in harmonic injection due to its good performance and fea-
ture of easy implementation [2], [16], [17]. The double
space vector control is the most common control method
for third-harmonic current injection, which fundamental and
third-harmonic components can be controlled effectively and
independently to have the same initial phase and proper ratio
of amplitude. In addition to the control structure, scholars
pay more attention to optimize the reference of injected
current. In [18], under the constraint of identical amplitude
of phase current, the optimum ratio of the third-harmonic
current is scanned by simulation. In [19], considering the
voltage and current constraints, the optimal current refer-
ences minimizing the dissipation and maximizing the torque
is obtained. In [20], the authors studied the optimal ratio
of injected current under three different optimization objec-
tives, namely, the minimum copper loss, the minimum phase
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current amplitude, the minimum loss (copper loss and iron
loss). To ensure the minimum torque loss ratio during the
third harmonic current injection process, the working points
with the minimum loss as the optimum objective is scanned
through finite-element simulation. However, simulations add
the limitation of application to the method, and the results are
affected by manufacturing errors. Among the above optimiza-
tion methods, the method with minimum copper loss as the
optimization objective is widely used, due to its great advan-
tages in practical applications, such as low thermal stress,
high efficiency and easy application. Compared with other
methods, simulation model is not needed in the process of
calculating the third-harmonic current reference, only the flux
linkage information is needed. The flux linkage information
is usually obtained by measuring back EMF, which makes
the realization of the method more complex, especially in
the cases which motor parameters are not easy to measure.
Moreover, in harsh working environments, the flux linkage
will deviate from the initial measured value, resulting in the
deviation between the third-harmonic current and the maxi-
mum torque/copper loss working point.

In this paper, a third-harmonic current injection con-
trol strategy of five-phase PMSM based on third-harmonic
current reference online identification is proposed. Firstly,
according to the torque equation, the expression of the third-
harmonic current corresponding to the maximum torque cop-
per loss ratio is derived. Secondly, the principle of the pro-
posed online identification method is analyzed. On this basis,
the third-harmonic current reference observer is designed and
applied to the double space vector control. Finally, an exper-
imental platform is built to verify the performance of the
proposed strategy.

Compared with previous works, the contributions of this
paper can be classified as follows: 1) It is found for the first
time that, the steady-state voltage equations of the five-phase
PMSM can be transformed into an equation containing only
voltages and currents, and the characteristic of this equa-
tion is that it is equal to O when the motor operates at the
maximum torque/copper loss ratio working point; and 2)
a new third-harmonic current injection control strategy of
five-phase PMSM for maximum torque copper loss ratio is
proposed. The strategy obtains the third-harmonic current ref-
erence through online identification, which is simple, no need
of flux linkage information and not affected by the change of
flux linkage.

Meanwhile, the limitation of the proposed method can be
summarized as: 1) the method is only applicable to five-phase
PMSM with third harmonics in back EMF; and 2) the method
fails at very low speed or standstill.

This paper is organized as follows. Section II ana-
lyzes the principle of the third-harmonic current injection
with minimum copper loss as the optimization objec-
tive. Section III describes the proposed third-harmonic cur-
rent injection control strategy of five-phase PMSM based
on third-harmonic current reference online identification.
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FIGURE 1. Configuration of five-phase PMSM drive.

In Section IV, experimental results are presented. The con-
clusion is drawn in Section V.

Il. PRINCIPLE OF THE THIRD-HARMONIC CURRENT
INJECTION BASED ON MINIMUM COPPER LOSS
A. MATHEMATICAL MODEL OF FIVE-PHASE PMSM
Fig.1 shows the configuration of the five-phase PMSM fed by
the five-phase two-level voltage source inverter. The stator
windings are star-connected, which are 72 electric degrees
apart from each other spatially. The five-phase PMSM is a
nonlinear high-order system, which makes the analysis and
control difficult. By using the vector space decomposition
(VSD), the phase-variable model can be transformed into
the decoupled VSD model [2]. Without considering the zero-
sequence components, the components of the phase-variable
model can be decoupled into two two-dimensional orthogonal
subspaces, namely fundamental and third-harmonic space.
The decoupled dynamic model of five-phase PMSM can
be expressed as Equation (1) [21]. Where uy41 and u; are the
fundamental space voltages; iy1 and iy are the fundamental
space currents; ug3, ug3 are the third-harmonic space volt-
ages; ig3 and i3 are the third-harmonic space currents; R;
is the stator resistance; L and L, are inductances at funda-
mental space; Ly3 and L3 are inductances at third-harmonic
space; p is the differential operator, w is the rotor electrical
speed, and ;1 is the fundamental permanent magnet flux
linkage, V3 is the third-harmonic permanent magnet flux
linkage.

Uuq1 id1 Lyp 0 0 O id1
ugr | iql 0 Ly 0O 0 iql
ugz | Rs ios |71 0 0 Lis 0 [P igs
g3 i3 0 0 0 Lg i3
0 —Ly O 0 id1
Ly O 0 0 iql
TOlo 00 0 -3Lg || s
L 0 0 3Ly 0 ig3
[0
tw| P (1)
_3wm3
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The electromagnetic torque 7, can be expressed as Equa-
tion (2).

5Py, . .
T, = 7 [Vimtigl + 3¥maigs + (Lai

+3 (La3

— Lg1) iqiigi
— Lg3) iazigs] (2

For surface-mounted five-phase PMSM, the air gap can
be considered as uniform, so Ly1 = Lg1, and Lg3 = Lg3.
Equation (2) can be rewritten and expressed as Equation (3).

5P, . .
T, = > [Wmllql + 3wm3lq3] 3

It can be seen from Equation (3), in addition to fundamental
component, third-harmonic component can also contribute to
the torque output positively, which is the intrinsic argument
for enhancing torque output.

B. THIRD-HARMONIC CURRENT INJECTION BASED ON
MINIMUM COPPER LOSS

The RMS of phase current is restrained by the power capa-
bility of inverter and heat resistance of winding insulation.
For the five-phase PMSM, the copper loss is proportional
to the RMS of phase current. Therefore, the limitation of
RMS of phase current is also considered as the limitation of
copper loss. In order to achieve the maximum torque output
within this limitation, the third-harmonic current is necessary
to optimized. For surface-mounted five-phase PMSM, i;; and
ig3 are controlled to 0, because they have no contribution to
torque output, but bring additional copper loss. The limitation
can be expressed as Equation (4), where C is a positive
constant.

| i =C? 4
Define m as the i,3/ iql ratio. i, and i3 can be represent
with m and C as Equation (5).
C

iy = ——
e V1 +m?
Cm

i3 =
1 V14 m?

Substituting Equation (5) into Equation (3). Equation (3)
is rewritten and denoted as Equation (6).

&)

1,hm3

5P
Te(m) = |:Wml \/— \/—i|
5PnC (I/Iml + 3wm3m)

= (0)
2 V1 + m2
All components in Equation (6) are not negative, and m
is the only one variable. Therefore, extreme points can be
obtained by differentiating the squares of T,(m). Equation (7)
is obtained by differentiating the square of T, (1) with respect
to m.

dT2(m) _ 25P2C% (Y1 + 3Ymm) Bvrms —
dm o 2 (1 +m2)2

wm 1 m)

N
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According to Equation (7), when m is greater than
3Ym3/Um1, Equation (7) is less than 0. It means that the
torque/copper loss ratio gradually decreases as m increases;
When m is less than 3,,,3/1,,1, Equation (7) is greater than 0.
It means that the torque/copper loss ratio gradually decreases
as m decreases; Therefore, when m is equal to 3v,3/Ym1,
the maximum torque is achieved with the limitation of Equa-
tion (4).

IIl. PROPOSED STRATEGY BASED ON THIRD-HARMONIC
CURRENT REFERENCE ONLINE IDENTIFICATION

A. PRINCIPLE OF THIRD-HARMONIC CURRENT
REFERENCE ONLINE IDENTIFICATION

According to Equation (1), in the case that iy and iy3 are set
to 0, the steady-state equations of five-phase PMSM can be
expressed as Equation (8).

ugp = —wlgiig
ugl = Ryig1 + oV 8)
ug3 = —3wlyzigs

Ugz = Rsiq3 + 30Ym3
Multiplying both sides of the u,1 and u,3 voltage equations
by iy3 and iy respectively. Equation (9) and Equation (10) can
be obtained.

Ig3lgl = ig3 (Rsiql + C‘)Wml) 9
iqluq3 = iql (RsiqS + 3601//m3) (10)

Equation (11) is obtained by subtracting Equation (9) from
Equation (10).

iqluqS - iq3uq1 =w (3iqlwm3 - iq3wml) (1D

When m is equal to 3v,,,3/1,1, the left side of Equation
(11) is equal to O; When m is greater than 3v;,3/v,,1, the
left side of Equation (11) is less than O; When m is less
than 3,,3/¢,,1, the left side of Equation (11) is greater than
0. Therefore, the left side of Equation (11) can be used to
observe the third-harmonic current reference corresponding
to the maximum torque/copper loss ratio.

B. DESIGN OF OBSERVER

Under steady state, i;1 and iy3 are approximately equal to their
reference i, and i’ respectively. When m is approximately
equal to 3v,,3/¥m1, that is, the left side of Equation (11) is
small enough. Equation (12) can be obtained.

1pml

R, —— 12
C (12

Replacing 2*3 with its estimated value ?*3, the left side of
Equation (11) can be simplified as Equation (13) by using
Equation (12).
ig1Ug3 — ig3ligl = iyjitg3 — 22314[,1 =w (31';;1 VYm3 — 2231//,”1)

. w 1 A
=w (3123%#%1/5713 - 123wm1
= oY1 (i;;3 - ?;;3) — YAy (13)
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FIGURE 3. Double-space vector control based on third-harmonic current
reference online identification.

According to Equation (13), if the left side of Equation
(11) is used as the input of observer, the performance of the
observer is affected by w. It means that the performance of
the observer changes with the changing of steady-state speed,
which is unacceptable. To eliminate the influence, the input
of the observer needs to be optimized. When the motor is
running at middle or high speed, the stator resistance voltage
drop is negligible, i.e, u,1 is approximately equal to wi1.
Equation (14) is obtained by dividing the left side of Equation
(11) by ug.

T
lglUg3 — lg3Ugl @Ym (lq3 lq3) A
- — Al (14)
Ugl OYm1

The left side of Equation (14) is used as the input of
observer. According to Equation (14), iz3 corresponding to
the maximum torque/copper loss ratio can be tracked with
zero steady-state error by using a PI-type observer, due to
the fact that it is constant in steady state. The structure of
the PI-type observer is shown as Fig. 2. K},; and K;; are the
proportional and integral gains respectively.

C. VECTOR CONTROL STRUCTURE OF THE PROPOSED
STRATEGY

As shown in Fig. 3, the vector control is divided into the
fundamental space and the third harmonic space. The torque
output is realized by controlling the current at two spaces
respectively. i;v i(’;l, i;’;3 and iZ3 are the references of iy,
ig1, iq3 and i3 respectively. ;’(;3 is the estimated value of ij;3.
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FIGURE 4. Configuration of experimental platform and motor:
(a) ex-perimental platform and (b) sixty-slot/eight-pole inner rotor
five-phase PMSM.

To avoid additional copper loss, i}, and i}, are set to 0. The
output of speed loop is used as ;.

For the proposed method based on online identification, the
output of third-harmonic current reference observer, namely
?;3, is used as ;. The input of third-harmonic current ref-
erence observer is obtained from the current loops at both
spaces. For the conventional method based on flux linkage
calculation, m, is used as i23. m, is equal to the product of i;l
and 31//m3/wm1 .

Compared with the conventional method based on flux
linkage calculation, the new method has several advantages,
such as simple, no need of flux linkage information and
not sensitive to the change of flux linkage. In addition, it is
worth emphasizing that the proposed method fails at very low
speed or standstill, due to the indirect use of flux linkage
information.

IV. EXPERIMENTAL RESULTS

To verify the performance of the proposed third-harmonic
current injection control strategy, an experimental platform of
five-phase PMSM is implemented and a sixty-slot/eight-pole
inner rotor five-phase PMSM is adopted, as shown in Fig. 4.
The parameters of the five-phase PMSM are listed in Table 1.
The five-phase PMSM is connected to a five-phase two-level
voltage source inverter and a load motor is mechanically cou-
pled with the five-phase PMSM to produce the load torque.
The TMS320F28335 DSP is adopted to execute the control
algorithm. The PWM switching frequency of the inverter is
10 kHz, and the dead time is 2.67 us. A digital-to-analog
converter AD5725 is employed to output the waveform. The
parameters of the third-harmonic current reference observer
are designed as K1 = 0.1 and K;; = 2.
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TABLE 1. Parameters of Five-phase PMSM.

Parameters Value
No. of pole pairs 4
Stator outer radius 68 mm
Stator inner radius 48 mm
Airgap length 3 mm
Axial length 46 mm
Rotor outer radius 45 mm
rated current 10 A
rated line voltage 100 V
rated torque 25N
rated speed 800 rpm
fundamental rotor flux linkage, v, 0.1923 Wb
third-harmonic rotor flux linkage, ¥, 0.01299 Wb

When the windings are open circuit, the phase back EMF
at 200 rpm is measured and shown in Fig. 5 (a). The FFT
analysis of the measured phase back EMF in Fig. 5 (b) shows
that the torque of the motor used in the experiment can be
improved by third-harmonic injection.

The steady-state current waveforms at 800 rpm with rated
load are shown in Fig. 6 (a), (b) and (c), corresponding to
three different control strategies. When sinusoidal power sup-
ply strategy is adopted, iy and i3 are 14.7 A and 0 A respec-
tively; When flux linkage calculation strategy is adopted, ig1
and i3 are 14.1 A and 2.8 A respectively; When the proposed
online identification strategy is adopted, iy and iy3 are 13.9 A
and 3.2 A respectively. It can be seen from the figures that the
currents of three strategies are different under the condition of
same speed and same torque. Moreover, the proposed strategy
has good performance under steady-state condition.

Fig. 7 and Fig. 8 show the current working points and the
ig3/ ig1 ratios with torque changing at rated speed. Under
the constraints of RMS, the optimal current working points
are obtained by experimental testing. The experiment testing
is aiming at scanning the amplitude of iy by adjusting the
amplitude of iz3 by 0.1 A each time under the condition
of constant torque. Among all the scanned working points,
the working points with the smallest RMS are selected. The
optimal current working points are used to illustrate the
effectiveness of the proposed strategy. It can be seen from
the figures that the working points of the two strategies
are closed to the optimal working points which scanned by
experimental testing. The maximum difference of the ij3/ iy
ratios between the two strategies and experimental testing is
no more than 5%. Fig. 9 shows the RMS of currents with the
same torque and speed. It can be seen from the figure that the
RMS of current based on the proposed online identification
strategy and flux linkage calculation is closed to the RMS of
current based on experimental testing, which illustrates the
performance of the proposed online identification strategy is
similar to the flux linkage calculation strategy in terms of
torque copper loss ratio. Compared with the strategy based on
sinusoidal supply, both two strategies can effectively improve
the torque/copper loss ratio.
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J. Li et al.: Third-Harmonic Current Injection Control of Five-Phase PMSM

IEEE Access

—_ = N
S W o
I

Back-EMF
voltage (V)
b o »n

—_
o

'
W

1 L L | | | |
20 40 60 80 100 120 140 16
Time (ms)

(a)

o
S

(=)

[N
N

)
T

back EMF (V)
o w o v ‘5 s

Peak value of

e2 €3  e4
Harmonics

(b)

el e5 e6 7

FIGURE 5. Back EMF of five-phase PMSM: (a) Phase back EMF waveform at 200 rpm and (b) FFT results of phase

back EMF.
B e i e L s - -~ 15 = 15 - ==
< <
\;; 0r §_; 0 \T; i]=
< sk < s < 5L
= 0 30 2 0
-~ = ~
2 <155 2= 15k 55 15
£E oF 25 0F £§ of
V': §—15* I | I | T | 1 = 3 -15E | | | | L L | ‘It: 5—15* I I I I I | |
51 10 20 30 40 50 60 70 ° 10 20 30 40 50 60 70 5 0 10 20 30_.40 50 60 70
Time (ms Time (ms) Time (ms)

(a)

(b)

(c)
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Fig. 10 shows that the five-phase PMSM under the online
identification strategy operates from 400 to 800 rpm, sub-
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FIGURE 10. Online identification with speed changing.

sequently back to 400 rpm with rated load. Fig. 11 shows
that the five-phase PMSM under the online identification
strategy operates from 400 to 800 rpm, subsequently back to
400 rpm with rated load. The experimental results at 800 rpm
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for the proposed strategy based on online identification with
a step disturbance are presented in Fig. 11. The step load
disturbance is varied from 30% rate load to rate load and
then back to 30% rate load. It can be seen from Fig. 10 and
Fig. 11 that iy3 can follow iy quickly and maintain a certain
proportion with it when the speed and torque of the motor
change suddenly. The experimental result verifies that the
proposed strategy has a good adaptability to the changes of
speed and torque.

To verify the robustness of the proposed online identifi-
cation strategy to the change of flux linkage, the strategy
based on flux linkage calculation is compared with the pro-
posed strategy in the case of flux linkage variations. The
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changes of flux linkage are realized by assuming the existing
experimental motor is the motor with flux linkage changed.
All experimental results are completed on the basis of this
assumption. The current working points of both two strate-
gies corresponding to no change, half v, and half 3
are shown in Fig. 12. It can be found that when the flux
linkage changes, the strategy based on flux linkage calcula-
tion deviates from the correct current working points, while
the proposed online identification strategy tracks the correct
current working points. Fig. 13 shows the RMS of current
based on both two strategies with flux linkage changing.
It can be found that the RMS of the current under the proposed
online identification strategy is lower than the RMS of the
current under flux linkage calculation strategy with the same
load. It can be seen from Fig. 12 and Fig. 13 that the proposed
online identification strategy is robust to the change of flux
linkage.

V. CONCLUSION

In this paper, a third-harmonic current injection control strat-
egy of five-phase PMSM based on third-harmonic current
reference online identification is proposed to increase the
ratio of torque to copper loss. It is found that when the
ratio of injected current is equal to the ratio corresponding
to the minimum copper loss, a new equation transformed
from the steady-state equations has the characteristic of equal
to 0. By using the characteristic, an observer is designed to
obtain the third-harmonic current reference corresponding to
maximum torque copper loss ratio. Meanwhile, the third-
harmonic current injection control is realized by combin-
ing the observer with double space vector control. Com-
pared with the conventional strategy based on flux link-
age calculation, the proposed strategy is no need of flux
linkage information and not sensitive to the change of flux
linkage.

The feasibility of the proposed method was demonstrated
via experiments. The results showed the good steady-state
and dynamic performance. In conclusion, the proposed
method is a promising candidate for five-phase PMSM third-
harmonic injection, especially in the cases which flux link-
ages are not easy to measure.
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