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Abstract—In this paper, the effects of the harmonic current
suppression for dual three-phase permanent magnet
synchronous motor (DTP-PMSM) by adaptive linear neuron
(ALN) controller and resonant controller are systematically
investigated. Although the ALN controller and the resonant
controller have been extensively employed for the suppression
of harmonic currents in the machine drive system, their
suppression effect is not comparatively studied and the
relationship between them is not revealed. The study shows that
the transfer function of the least-mean-square (LMS)-based
ALN controller in the frequency domain is equivalent to an ideal
resonant controller, therefore, the ALN controller can be
regarded as a resonant controller with ideal discretization
method and has no resonant pole displacement and phase
deviation to the desired resonant frequency. Compared with the
conventional resonant controller with discretization methods,
such as Tustin transformation and Tustin with pre-warping
transformation, the ALN controller exhibits better harmonic
suppression performance. Moreover, the design principle of the
learning factor in the ALN controller is proposed by referring
to the resonant gain in the conventional resonant controller.
Finally, the effects of harmonic current suppression for DTP-
PMSM by the ALN controller and the resonant controller are
validated and compared by experiments.

Keywords—Adaptive linear neuron (ALN) controller,
resonant controller, current harmonics suppression, dual three-
phase PMSM (DTP-PMSM)

I. INTRODUCTION

In recent years, the multi-phase machine drive system has
been widely studied due to its extra superiorities. For example,
it can realize higher power applications with the same low-
voltage switching devices and the lowest order of torque
ripple frequency is higher. Moreover, its control degree of
freedom and reliability is higher than that of its counterpart
single three-phase machine [1]—[6].

Dual three-phase permanent magnet synchronous motor
(DTP-PMSM) is an outstanding candidate for multi-phase
machines. However, due to the small harmonic impedance of
DTP-PMSM, there are large current harmonics even if the
small voltage distortion [7], [8]. Those current harmonics will
result in increased total harmonic distortion (THD).

Harmonic currents can be suppressed by the
optimization of the machine's electromagnetic design. For
example, the magnetomotive force of harmonics can be
reduced by skew-slot, rotor-skewing, and pole shaping [9],
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[10]. However, the 5th and 7th harmonics in the flux-
linkage are inevitable, meanwhile, there are also 5th and
7th harmonic voltages resulting from the inverter non-
linearity [11]. Therefore, the harmonic currents in the
DTP-PMSM cannot be eliminated simply by the
conventional PI controller due to limited bandwidth.

To suppress the harmonic currents in the machine drive
system, the resonant controller is employed extensively in
academic and industrial applications [11]—[14] for its infinite
gain at the resonant frequency. In [11], the resonant
controllers are employed for current unbalance compensation
caused by system asymmetry and harmonic currents
suppression caused by inverter nonlinearity. In [12], a generic
decomposition model of the DTP-PMSM considering
asymmetric impedances is established and the same strategy
as [11]. In [13], the resonant controller is designed and
optimized directly in the discrete domain to broaden the
stability, but it faces the trade-off between tracking the target
value and resisting system interference. In [14], the
characteristics of the resonant controller using different
discretization methods are evaluated, which may have a
significant steady-state error due to resonant pole
displacement at high frequencies.

As an alternative to the resonant controller, the adaptive
linear neuron (ALN) controller based on the least-mean-
square (LMS) algorithm can be adopted to suppress the
current harmonics in the three-phase PMSM drives, which
generates the corresponding harmonic voltage compensation
according to the harmonic current of a specific order
[15]-[17]. It has a simple structure, a small amount of
calculation, and is easy to be implemented [18], [19]. In the
ALN controller, the selection of the adaptive learning factor
is very important. On the one hand, when the adaptive
learning factor is chosen to be small, the learning rate is slow.
On the other hand, when the adaptive learning factor is
chosen to be large, it may cause the instability of the
controller. However, the selection method of the adaptive
learning factor is not given in [15]—[17], and the harmonic
current effect might not be as expected if a decent adaptive
learning factor is not applied.

Although the resonant controller and ALN controller have
a satisfactory effect on the harmonic current suppression, the
differences between them have not been analyzed. In this
paper, the ALN controller and resonant controller are
systematically investigated and it is found that they have an
inherent relationship. Firstly, the mathematical model and



vector space decomposition (VSD) control of DTP-PMSM
are introduced in Section II. After the brief introduction of the
ALN controller and resonant controller, the relationship
between them is analyzed in detail in Section III. Finally, the
harmonic suppression effects of the two methods are

compared on the drive platform of the prototype DTP-PMSM.

II. DTP-PMSM MODEL AND CURRENT HARMONICS

A. DTP-PMSM Model

The winding phasor diagram and circuit topology of the
DTP-PMSM drive system is shown in Fig. 1. The DTP-
PMSM consists of two sets of three-phase windings with two
isolated neutral points 71 and n», the first set is called phase-
ABC and the second set is called phase-XYZ. The phase shift
electrical angle between two sets of single three-phase
windings is 30°. The DTP two-level voltage source inverter
(VSI) adopts a common DC bus with voltage Uq. for power

supply.

i 71
(2) (b)

Fig. 1. DTP-PMSM drive system. (a) DTP-PMSM. (b) DTP two-level

VSL

According to the well-known VSD control theory [20],
[21], the variables of DTP-IPMSM can be converted into
three mutually orthogonal sub-planes [11]. If the zero-
sequence components are not taken into account, the VSD
transformation matrix Tvsp can be expressed as

1 -12 -1/2 B2 =B)20
s _10 B2 =Bl oy2 12 4
U3l S22 -2 B2 B2 o

0-3/2 B2 12 12 -1

The variables in the af-frame can be transformed into
the dg-frame by the conventional Park matrix 74, and the
variables in the z1z2-frame can be transformed into the dgz-
frame by the following matrix:
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“ | sing,

)
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where 6, is the electrical rotor position angle. Neglecting non-
sinusoidal BEMF and cross-magnetic saturation effects, the
voltage equations of DTP-IPMSM in dg-and dqz-frames can

be modeled as
L, p+R -w L ] 0
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U, L.p+tR, -wel‘qz iy
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where p is the differential operator; u, i, and L are the voltage,
current, and inductance of the dg-axis and dgz-axis,

respectively; R; is the stator resistance, yyis the amplitude of
fundamental PM flux linkage. w. is the electrical angular
velocity. According to (3) and (4), the variables of the dg-
and the dgz-frames are completely decoupled.

B. DTP-PMSM Current Harmonics

In the DTP-PMSM drive system, the harmonic currents
are mainly caused by the inverter non-linearity, non-
sinusoidal back-EMF of the DTP-PMSM, etc. If only the
dominant 5th and 7th current harmonics are considered, the
harmonic currents can be expressed as

cos(nb,+¢,)
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where i, is the amplitude of current harmonics, ¢, is the phase
offset. The 5th and 7th current harmonics can be mapped into
the dgz-frame by applying transformation matrices Tvsp,
which can be expressed as

Iy, | | —iscos(ps +66,) i, cos(p, +66,)
i | | i sin(p, +60,)—i, sin(p, +60,)

qz

(6)

According to (6), the Sth and 7th current harmonics are
transformed into 6th harmonics in the dgz-frame, therefore,
by suppressing the 6th harmonic currents in the dgz-frame,
the 5th and 7th current harmonics in the ABC-XYZ-frame
can be suppressed.

III. COMPARATIVE STUDY ON HARMONIC SUPPRESSION
EFFECT OF DTP-PMSM

As detailed in Section II, the 5th and 7th harmonic
currents are mapped to the 6th harmonic current in the dgz-
frame, and the current harmonic suppression of DTP-PMSM
is based on the 6th harmonic current suppression in the dqz-
frame.

u; . SVPWM

Uy [7N ot
-1 ABC
C ET T

Fig. 2. Block Diagram of current harmonic suppression for DTP-PMSM.
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The current control method of the DTP-PMSM can be
illustrated in Fig. 2. For simplicity, the current control method
with i; = 0 is employed in the current loop of the dg-frame,
and the pulse width modulation (PWM) strategy adopts the
dual space vector PWM (SVPWM) strategy, where the
conventional SVPWM strategy is applied to each single
three-phase VSI individually. The current harmonics are
suppressed by the harmonic controller (HC) superimposed on
the conventional PI regulator. The HC can be ALN controller
or resonant controller, which will be introduced in this
Section.

A. Resonant Controller

The ideal resonant controller with gain K, in the s-domain
is [22]

> 7
SZ +(w0 )2 ( )

In the digital implementation of the resonant controller,
the advantages and disadvantages of various discretization
methods have been detailed in [14]. If the resonant controller

is discretized into the z-domain by the conventional Tustin
transformation, it can be expressed as

G (2) =G, (S)L:iz;l
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If the resonant controller is discretized into the z-domain
by the conventional Tustin transformation with pre-warping,
it can be expressed as

G (2)=G()]__ o =

tan(ay /7,) z+1
_ K, sin(o,T)) 22 -1 ©)
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B. ALN Controller

The structure of the LMS-based ALN controller can be
illustrated in Fig. 3 [15]. In Fig. 3, the reference signals x, and
x. are sinusoidal references, u is the adaptive learning factor,
k is the time index, and 7 is the sampling period in the
discrete system, w; and w» are the weighting factors. d is the
system input signal, y is the output signal, ¢ is the error signal,
wy is the frequency of the signal to be learned. The reference
signals x,(k) and x»(k) can be expressed as

3, (k) = sin(@,kT, ), x, (k) = cos(@,kT.) (10)
The output signal y(k) is
(k) = x,(k)w (k) + x, (k)w, (k) (1)

The weighting factors wi(k) and w»(k) can be updated
using the the following LMS algorithm

w (k+1) =w (k) +2u-x (k)e(k), .
ey (k+1) = 1y () + 2405, (K) 2 (K) (12)
The transfer function from ¢ to y can be expressed as

G (2= ) _ 2uzeos@T)-])
e(z) z*-2z cos(w,T,)+1

(13)

x1(K)=sin(wokTy)

<ZuJs

LMS algorithm
Fig. 3. The structure of the ALN controller based on LMS algorithm.

C. Relationship Between ALN Controller Resonant
Controller

According to Fig. 3, the value of y(k) at the kth sampling
point is

sin(wokTs)Zk: (e(k)sin(w,mT))
y(k)=2u " (14)
+cos(aykT,) Y ((k)cos(w,mT,))

(14) can be rewritten in the time-domain as

2u sin(a)ot)_[; e(r)sin(w,7r)d7 +
t)="- , (15)
I cos(a)ot)_[O e(r)cos(w,7)dr
The second-order ordinary differential equation between
¥(f) and &(¢) can be expressed as

V0 +(@,) () = 2T—“e'<t) 16)

(16) is rewritten in the s-domain as

S y(s) +(@,) ¥(s) =2T—“ss(s> a7

The transfer function from &(s) to y(s) is

©) = = 2 ; 2 (18)
(s) T, 5" +(a)

Therefore, the ALN controller actually is equivalent to the
resonant controller in the s-domain with a gain of /7. In the
ALN controller, the selection of u is very important. However,
the design rules of selection of u is not given in [15]-[17].
After the relationship between ALN controller and resonant
controller is revealed, according to (18) and (7), the value of
1 can be determined by referring to the integral gain K, of the
resonant controller.

Gyn(s)= Y
&

u; =TK, (19)

The bode diagrams of Guin(z), Gri(z), Gra(2z) are shown
in Fig. 4 and Fig. 5, where the sampling period 7 =1e* s, and
u=5e3, K;=u/Ts. The center resonant frequency w¢=2mx300
rad/s in Fig. 4, and the center resonant frequency wo=2nx600
rad/s in Fig. 5. It can be seen that in Fig. 4, the center
frequency of Gri(z) shifts left about 1 Hz; in Fig. 5, the center
frequency of Gri(z) shifts left about 7 Hz. According to [14],
a discrete-time implementation based on  Tustin
transformation produces a significant steady-state error due
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to the resonant pole displacement, and this error increases
with the increment of the sampling period and resonant
frequency. However, this deviation can be negligible if the
resonant frequency is low enough [14]. However, G4.n(z) and
Gra(z) have no resonant pole displacement phenomena, and

warping, i.e., (9), is designated as Method-II.

TABLEI
PARAMETERS OF PROTOTYPE DTP-PMSM

. . . P t Val
the gain of Gra(z) at the center frequency 600 Hz is slightly = a,”:me e(r;) Oa;;e
esistance .
less than that of GALN(Z)' d-axis self-inductance in af sub-plane (mH) 4.336
g-axis self-inductance in ¢f sub-plane (mH) 5.841
120 dz-axis self-inductance in z,z, sub-plane (mH) 2.662
2 —Gn(2) P gz-axis self-inductance in z,z, sub-plane (mH) 2.760
Z gl e Grol2) ] Flux linkage (Wb) 0.0785
§ — G(2) Pole pairs 5
S 40r 7 Rated current (A) 12
B 0 L] Rated speed (rpm) 600
E )
B 0 ' ' E B. Experimental Results
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S 1 1 1) Comparison at the low-speed region
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Fig. 4. Comparison of bode plots of Gi(2), Gra(2), Gam(z) for wy=2mx300
rad/s.
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Fig. 5. Comparison of bode plots of Gi(2), Gra(2), Gam(z) for w=2mx600
rad/s.

IV. EXPERIMENTAL RESULTS

A. Experimental Platform

To demonstrate the effect of harmonic current
suppression of resonant controller and ALN controller, the
DTP-PMSM test platform based on TI's DSP processor
TMS320F28335 is constructed and shown in Fig. 6.

Inverter-1

Fig. 6. Experimental setup for prototype DTP-PMSM drive system.

The inverter consists of two single three-phase VSIs with
the same common DC bus. The operating frequency of the
current loop is 10 kHz, which is the same as the PWM
switching frequency, the dead time sets as 2 us. The main
parameters of the prototype DTP-PMSM are listed in TABLE
I. For the convenience of discussion, the conventional
resonant controller discretized by Tustin transformation, i.e.,
(8), it is designated as Method-I, the conventional resonant
controller discretized by Tustin transformation with pre-

corresponding frequency of current harmonics in the dgz-axis
is 300 Hz. The load increases steadily until the root mean
square current of the prototype DTP-PMSM increases to 12
A.
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Fig. 7. Phase currents at low-speed operation. (a) Method-I. (b) Method-
1. (c) ALN controller.

Fig. 7.(a)-(c) shows the phase currents and dgz-axis
currents with Method-I, Method-II, and the ALN controller,
respectively. From Fig. 7, the phase currents with these three
methods are both very sinusoidal. However, the amplitude of
the currents in the dgz-axis with Method-I is 0.17 A, the
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amplitude of the currents in the dgz-axis with Method-II is
0.08 A, and the amplitude of the currents in the dgz-axis with
ALN controller is 0.01 A.

The corresponding current harmonic contents and THD
of Phase-A are shown in TABLE II. From TABLE II, in
terms of the 6th harmonic current suppression effect in dgz-
axis in low-speed region, Method-I is the worst, and Method—
II is similar to ALN controller but slightly worse. Therefore,
the ALN controller exhibits better performance than the
conventional discretization methods in the low-speed region.

TABLE II
COMPARISON OF HARMONIC CONTENTS AND THD OF PHASE-A
CURRENT UNDER THE THREE METHODS

Order Method-1 Method-I1 ALN
controller

Sth 0.68% 0.51% 0.30%

7th 0.19% 0.41% 0.32%

THD 2.16% 2.24% 1.41%

2) Comparison at the high-speed region

In this experiment, the speed reference sets to 1200 r/min.
The corresponding fundamental frequency is 100 Hz, and the
corresponding frequency of current harmonics in the dgz-axis
is 600 Hz. As the frequency is much higher than the rated
frequency, the field weakening control is engaged for d-axis
current reference generation [23]. The load increases steadily
until the root mean square current of the prototype DTP-
PMSM increases to 12 A.

Fig. 8(a)-(c) shows the phase currents and dgz-axis
currents with Method-I, Method-II, and the ALN controller,
respectively. From Fig. 8, as the harmonic components in the
dgz-frame are 600 Hz and the corresponding carrier ratio is
relatively low, the phase currents with Method-I deteriorate
seriously at high-speed operation, which is due to the
resonant pole displacement of the resonant controller. On the
contrary, the phase currents in Fig. 8(b) with Method-II and
Fig. 8(c) with the ALN controller are very sinusoidal, which
is much better than the phase currents in Fig. 8(a). Among
them, the amplitude of the currents in the dgz-axis with
Method-1 is 1.17 A, the amplitude of the currents in the dqz-
axis with Method-II is 0.13 A, and the amplitude of the
currents in the dgz-axis with ALN controller is 0.01 A.

The current harmonic contents and THD of Phase-A with
Method-I, Method-II, and the ALN controller are detailed in
TABLE III. It is worth noting that due to the gain attenuation
of Method-II at the resonance point, the Sth and 7th
harmonics and THD of Method-II are slightly higher than that
of the ALN controller, so as the results shown in TABLE II.
Therefore, the ALN controller exhibits even Dbetter
performance than the Method-II.

It can be concluded from Fig. 7, Fig. 8, TABLE II, and
TABLE 1I, the ALN controller exhibits even better
performance than the Method-I and Method-II in the full-
speed domain.
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Fig. 8. Measured phase currents at high-speed operation. (a) Method-1.
(b) Method-II. (c) The ALN controller.

TABLE IIT
COMPARISON OF HARMONIC CONTENTS AND THD OF PHASE-A UNDER
THE THREE METHODS
Order Method-1 Method-I1 ALN
controller

Sth 7.80% 0.41% 0.1%

7th 1.45% 1.22% 0.05%
THD 8.32% 2.28% 1.86%

V. CONCLUSION

In this paper, the harmonic current suppression effects of
the resonant controller and ALN controller for DTP-PMSM
are systematically investigated. As a candidate of the
resonant controller for harmonic currents suppression, the
ALN controller exhibits better performance than the
conventional resonant controlled with discretization methods,
such as Tustin transformation and Tustin with pre-warping
transformation. The LMS-based ALN controller can be
regarded as the resonant controller with the ideal
discretization method and has no resonant poles displacement
and phase deviation to the desired resonant frequencies.
Moreover, the design principle of the learning factor in the
ALN controller is proposed by referring to the resonant gain
in the conventional resonant controller.
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