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Abstract—This article proposes an optimized current harmonic
minimization (CHM) approach for dual three-phase permanent
magnet synchronous machines (PMSMs) with consideration of
inverter voltage limit. The current harmonic model is derived
to analyze the dominant current harmonic components in dual
three-phase PMSM drives. Dual reference frame (DRF) model is
proposed to convert the current harmonics into dc components
in the new DRFs, and PI controllers are employed to control
voltages to minimize the dc components. This article will prove that
current harmonics can be minimized by using the DRF model. Since
CHM requires additional voltages, inverter voltage limit must be
considered especially at high speeds. Hence, inverter voltage limit
is considered to derive the theoretical control strategy, in which
minimal copper loss is selected as the design objective to reduce
current harmonic with limited voltage. The proposed approach
is supported by theoretical analysis and proof, and it does not
require inverter voltage and machine parameters. Moreover, the
proposed approach is compared with an existing method to show
the performance improvement and evaluated with extensive tests
on a laboratory prototype under both steady-state and transient
conditions.

Index Terms—Current harmonic minimization (CHM), dual
reference frame (DRF), dual three-phase permanent magnet
synchronous machine (PMSM), inverter voltage limit.

1. INTRODUCTION

N COMPARISON to the conventional three-phase perma-
I nent magnet synchronous machines (PMSMs), multiphase
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PMSMs are better in terms of fault-tolerant capability and
reducing the per phase power rating [1]-[4]. The dual three-
phase PMSM is a popular multiphase PMSM configuration
received much research interests for industrial applications, such
as electric vehicles. In a dual three-phase PMSM drive, current
harmonics are inevitable due to the nonlinearities of the machine
and drive [5], [6]. Current harmonics will be even severer at high-
speed region or for high-speed machines [7]. On the other hand,
current harmonics can cause additional machine losses, torque
ripples, and vibrations [8], [9] resulting in reduced efficiency
and performance. Therefore, this article investigates current
harmonic minimization (CHM) of dual three-phase PMSM for
high-performance and efficient control.

In the drive system, dual three-phase PMSMs are driven by
a multiphase voltage source inverter, and the motor control is
based on the inputs, including current, position, and/or voltage
measurements. The inverter nonlinearity will introduce voltage
harmonics and thus current harmonics, and the measurement
errors can also induce current harmonics [10]-[16]. Moreover,
PM flux linkage harmonics are existing in the machine, and there
are also voltage harmonics due to pulsewidth modulation [17],
[18]. All of these will contribute to the current harmonics in the
machine.

In the literature, CHM has been widely investigated for
PMSMs, and the approaches can be divided into mainly two
categories, namely, the model-based approach and the model-
free approach. In the first approach, high-frequency (HF) model
is employed to calculate the compensating voltage harmonics
[7], which produces opposite current harmonics to cancel the
existing ones. For instance, in [19], current harmonics due to
inverter deadtime are modeled and compensated for the dual
three-phase PMSM. However, current harmonics are caused
by multiple sources with uncertainties, so it is challenging to
accurately model and minimize all the harmonics. Moreover,
model-based approach requires accurate parameters, such as
resistance and inductance, which are not available in the mo-
tor drive. These parameters can also change during machine
operation [20]. Therefore, it is challenging to ensure the perfor-
mance of the model-based approach. In the second approach,
harmonics extracted from current measurements are used as
the feedback control inputs to control voltage harmonics to
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be injected for CHM. For instance, in [21], [22], proportional
resonant (PR) controller is employed to minimize the current
harmonics. However, PR coefficients should be optimized for
different harmonic orders [23], [24], which impose complexity
to the control design for CHM under various speed conditions. In
addition to aforementioned approaches, there are also existing
research works on improving the motor controllers to reduce
current harmonics. In [25]-[27], optimized reference voltage
vectors are developed to reduce the current harmonics for model
predictive or direct torque controllers, which, however, do not
consider the dominant current harmonics due to the flux harmon-
ics and inverter distortion. In [28], open-end motor configuration
with zero-axis current control is proposed for current harmonic
suppression, which, however, requires doubled power switches
in the inverter, thus increases the cost and limits the applicability.
In [29], leaning algorithm is employed to develop feedforward
voltage compensation to minimize the current harmonics, which
involves offline training procedure.

For dual three-phase PMSMs, vector space decomposition
(VSD) model is widely employed for modeling and control, in
which there are two DQ frames, namely, DQ; and DQ-, and
only DQ; frame contributes to torque production. However,
DQ, frame inductances are significantly smaller than DQ; frame
inductances [30]-[32], thus DQ, frame impedances are much
smaller than that of DQ; frame for the same harmonic order.
Hence, current harmonics are more significant in DQ2 frame
due to the lower impedances. Moreover, the dominant current
harmonic occupies most of the harmonics in both DQ; and DQ-
frames, so it is critical to minimize these harmonics. However,
existing approaches for three-phase PMSM are unable to deal
with DQ; and DQ, frame current harmonics of dual three-phase
PMSMs simultaneously due to the distinctions in the model and
machine properties.

Moreover, CHM involves voltage harmonics injection. Due
to inverter voltage limit, there could be not enough voltage for
CHM especially at high-speed region [33], [34]. However, in-
verter voltage limit has not been fully addressed in the literature
for current harmonic reduction.

This article proposes a novel CHM approach for the dual
three-phase PMSM, in which the inverter voltage limit is con-
sidered. First, the current harmonic model is developed to ana-
lyze the harmonic components, which will show that there are
dominant 12th harmonic in the DQ; frame and 6th harmonic
in the DQ- frame. This article proposes a dual reference frame
(DRF) model for CHM in the synchronous frame, which will
not affect the dc current control for torque production. This
article will prove that the proposed approach is able to minimize
the current harmonics to zero. Moreover, when the constraint
of inverter voltage limit is imposed, the proposed approach
can reduce the current harmonics with minimal copper loss.
The theoretical analysis and proof are provided to support
the proposed approach. Compared with existing methods, the
proposed approach does not require inverter voltage and ma-
chine parameters, and it can also ensure minimal copper loss
induced by the current harmonics. The proposed approach is
validated with extensive experiments and comparisons with an
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Fig. 1.  VSD model based dual three-phase PMSM control.

existing method on alaboratory machine under various operating
conditions.

II. MODELING AND ANALYSIS OF THE CURRENT HARMONICS
IN A DUAL THREE-PHASE PMSM DRIVE

The dual three-phase PMSM under investigation is shown in
Fig. 1, in which the two sets of three-phase windings consist
of a phase shift of 7/6 and have isolated neutral points. The
VSD-based model can be denoted as

. di .
ug1 = Rig1 + La1 ;‘21 —wLgiig

Ugz = Rigz + La2 d;‘iz —whgzige )
Ugr = Rigi + Lot % + wLariar + who
Ugz = Riga + Loz %2 + wLazian

te = 3P (hoig1 + (La1 — Lg1)iariq1) 2

where wgy, ugk, ik, igk» Lar and Ly, respectively, denote the
DQj, axis voltages, currents, and inductances in VSD model, k
= 1 or 2, wis the rotor electrical speed; A is the PM flux linkage,
t. is the output torque; and P is the number of pole pairs. This
model assumes that the back electromotive force is sinusoidal;
eddy current and hysteresis losses, mutual leakage inductance,
and the harmonics in self and mutual inductances with orders
higher than two are neglected [30]. In this model, ¢, is a function
of DQ; frame currents and the discussion of the inductances is
presented in the Appendix.

Fig. 1 presents VSD-based motor control, where i45 and
iq2 are controlled to zero while the references g™ and iql“’f
are obtained from the outer loop controller. The transformation
matrix Tpq in [5]is utilized to convert the six-phase currents into
DQ frame currents i gy = [iq1 iq1 ia2 ti]T and the PI controllers
control the actual currents to follow their references.

Fig. 2 presents the DQ frame currents of the test motor
running at 200 r/min. The parameters of the test motor will be
given in Section IV. Ideally, i4; and i,; should contain only dc
components for torque production; i g2 and i, should be zero as
they have no contribution to torque production. However, due
to reasons, such as inverter distortion, currents harmonics are
inevitable. As shown in Fig. 2, there are 12th and 24th harmonics
inig; and iyq; and 6th and 18th harmonics in 42 and i42. The
reason why igo and i,o have more significant harmonics will
be explained by the current harmonic model at the end of this
section. Moreover, the most dominant harmonic occupies most
of the total harmonics. Therefore, it is necessary to minimize the
most dominant harmonic in DQ frame currents.
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Fig. 2. DQ frame currents of the test machine. (a) D1D2 frame currents.

(b) Q1 Q2 frame currents. Harmonic components of (c) i41, (d) ig1, (€) ig2, and
(f) ig2. The dc components of DQ frame currents are not presented in (c)—(f).

To model the current harmonics, DQ frame currents are
represented as

tqr = Lao + Yy tar = Lao + D5 Ly cos(kO — dar)
ig1 = Lgo + 2k ik = oo + 22, Top sin(k0 — ¢qi)
tae = > ta =y Ly cos(10 — ¢ar)
G2 =1l =D Iy sin(l0 — ¢q1)

where 149 and 1,0 are the dc components of i4; and i, respec-
tively; igx, igk, 41, and iy are the harmonic components of 741,
iq1, iq2, and ig9, respectively; I, and I, are the magnitudes of
iqr and ig, respectively, and @41, and ¢, are the phase angles;
1 4; and I are the magnitudes of i4; and i, respectively; and ¢4,
and ¢; are the phase angles.

The harmonic components in (3) will cause torque ripples
and additional losses. According to the torque model in [6], the
torque ripple will increase as the increase of current harmonics.
Moreover, machine losses induced by the current harmonics
increase with the increase of current harmonics. Therefore, it is
necessary to minimize the dominant current harmonics to avoid
the resulted adverse effects.

In the dual three-phase PMSM drive, the current harmonics
are mainly induced by the inverter distortion and the PM flux
linkage harmonics. The inverter distortion will produce the kth
voltage harmonics in DQ; frame and /th voltage harmonics in
DQs frame (k=12,24,36...,and[=6, 18,30...). Moreover, for
PM flux linkages, there are kth harmonic in DQ; frame and I/th
harmonic in DQy frame. These harmonics produce the current
harmonics in DQ frame.

Suppose that the total voltage harmonics in DQ; and DQ,
frames are represented as

Vai,n = >k Vare = 2ok Var €08(k0 — par)
Vg1,h = Dok Vg = Dok qu sin(kf — oqr)
Va2,n = 21 Va = 21 Vg cos(10 — par)
Vg2,n = > Vg = D qu sin(10 — pq1)

3)

“)
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where Vg1 p, V1,1, Vaz,n, and vge 5, denote the voltage harmon-
ics; Vi, and Vg, are the magnitudes of the kth harmonics in DQy
frame, and ¢ 41, and 4 are the phase angles; V4, and V; are the
magnitudes of the /th harmonics in DQ frame, and ¢ 4; and ¢
are the phase angles.

This article aims to minimize the current harmonics, so the
HF model is employed and according to Reigosa et al. [35] and
Reigosa et al. [36], the HF model of a dual three-phase PMSM
can be derived as

. digi n

Ud1,n = Raipiar,n + La1 =5
. dig1,n

uqr,n = Rginiqrn + L d;’u 5)
. 1d2,h

Ud2,n = Raoniaz,n + La2 =37

. digo,}
ug2,h = Rganiq2n + Lo2 =3~

[T}

where the subscript “;,” represents the HF components or HF
machine parameters, which hold throughout this article.

Based on (3)—(5), the current harmonics can be modeled by
using the voltage harmonics and the HF impedances as

i — Vdk i = Vqk i = (% P = Vgl
dk = 75 gk = 5 s Wdl = 5y Yql = 5
Z ke Zak Zai Zql

Zar = Rap + jwrLak, Zgx = Rar + jwrLgr ©)

Zgy = Ra + jwiLa;, Zg = Ry + jw Ly

with

where Z;;; is the HF impendence at the frequency of the kth
harmonic; R 4. is the HF resistance, and L 4. is the HF inductance
in Dy axis; and similar for Z, Zg;, and Z;; and wy, = 27f3 /1
with f}, /; being the frequency of the kth or /th harmonic.

It can be concluded from (6) that one can compensate the
voltage harmonics to produce extra current harmonics to cancel
existing ones. However, obtaining the required voltage harmon-
ics involves the HF resistances and inductances, which are not
always available. Therefore, it is challenging to use (6) for CHM.
On the other hand, the inductances in DQy frame are leakage
inductances [30], which are much smaller than the inductances in
DQ; frame. This conclusion can also be found in [37]. According
to (6), for the same harmonic order, the HF impendences in DQ5
frame are much smaller than that in DQ; frame. This is the
reason why the 6th current harmonic in DQy frame has a much
larger magnitude than the 12th current harmonic in DQ; frame,
as shown in Fig. 2. Moreover, this conclusion is also valid in
other references, such as [7]. Next section will present CHM
considering inverter voltage limit.

III. DRF-BASED CHM CONSIDERING
INVERTER VOLTAGE LIMIT

The schematic diagram of the proposed DRF-based CHM is
shown in Fig. 3. The objective is to minimize the harmonic com-
ponents in DQ; and DQ> frame currents. In Fig. 3, when there
is no inverter voltage limit, the references /; ref I will be
set to zero to minimize current harmonics to zero; when inverter
voltage is limited, ;™" ...,Is™" will be optimized to reduce the
current harmonics. This section first presents DRF-based model
and then considers the inverter voltage limit. Current harmonics
with different orders are independent of each other, so each
harmonic order can be minimized independently. Moreover, the
most dominant harmonics in DQ; and DQy occupy most of
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for current harmonic reduction with inverter voltage limit.

the harmonics. Hence, this article specifically minimizes the kth
current harmonic as the most dominant one in DQ; frame and
the Ith current harmonic as the most dominant one in DQ» frame
for demonstration.

A. DRF-Based CHM

In Fig. 3, this article aims to minimize the current harmonics
in the synchronous frame. The idea is to project kth and /th
current harmonics in the synchronous frame into DRFs at the
same frequencies of the current harmonics. In this way, kth and
Ith harmonics in the synchronous frame become dc components
in DRFs, so CHM in the synchronous frame is equivalent to
minimizing dc components in the DRFs and PI controller is
capable of achieving this task. The proposed approach is able to
minimize the kth and /th current harmonics under both transient
and steady-state conditions. Moreover, the proposed approach
will not affect the control of dc currents in DQ frame. Specifi-
cally, the proposed approach consists of following three steps.

Step 1: The first step is to project the kth and /th harmonic

components into the dc components using DRFs. To
this end, the DRF transformations Po and Pp are
defined as in (7) and their inverses are defined as in

(®)
PA _ Pl(k) 02><2 , PB _ Pz(k) 02><2
O2x2 Pl(l) 02><2 Pg(l)
with
coskf — sink6
Pi(k)=| .
sinkf  coskb
coskl sink0
Py(k) = .
—sinkf cos k6
@)
Pyt =P}, Pyl =Pp ®)

where k/I denotes the order of the current harmonic in
DQ1 /2 frame; k and / can be either equal or unequal
to each other depending on the current harmonics in
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DQ; and DQ> frames to be minimized. In (7), P4
and Pp are 4 x4 matrices.
Multiplying the current harmonics (kth at DQ; frame and /th
at DQ- frame) in the synchronous frame with P 4 and Py in (7),
the results are

dk
PA iqk
Pp tdl
(o

[ I, cos k6 cos (k0 — dar) — Ik sin k6 cos (k6 — dqr)
Tk sin k6 cos (kO — ¢ar) + Iqi cos kO cos (kO — pqr)
Iy coslfcos (10 — ¢ar) — Ly sinll cos (10 — dq1)

Iy sinlf cos (160 — dar) + Iy cosllcos (10 — ¢q1)

Igi, cos kf cos(k€ — dar) + Iy sin k6 cos(kO — ¢qi)
— I, sin kf cos(k€ — dax) + Iy cos kb cos(kd — ¢qi)
I cos 0 cos(10 — par) + Iy sinlf cos(kO — ¢q1)
| L sinl6 cos(10 — ¢ar) + Iy cos O cos(kl — pg1)

&)
In (9), there are both dc and harmonic components. In order to

obtain the dc values in the DRFs, low-pass filter (LPF) is applied
to (9), and the results are

idk
LpF | |74 Z:q’“
Pp| |ia
(o
[ Ik cos par, — Ik sin ggr, i (1, ]
Lap sin @y, + Ik cos i, I
Lg1 cos par — I sin g I3
_ L [ Ly sindar + Iy cos ¢ N (10)
2 | Ik cos dar + Igx sin ggr, I
—Lap Sin Qg + I g1 COS Pyic Ig
Ly cos @aqr + Iy sin gy I
| —Larsin ¢gy + I cos dgr | | Is |

Here, LPF can be a second-order LPF with transfer function
H(s) as

w2

% 11
52 4+ 2wy s + w2 an

H(s) =

where s is the Laplace operator, w,, = 27f,, is the cutoff fre-
quency, and ¢ is the damping ratio. In the test, f;, is experimen-
tally set to 5 Hz and € is set to 0.707.

As shown in (10), the current harmonics in the synchronous
frame are transformed into the dc components /1, ...,Is, where I,
(k= 1,2,5,6) corresponds to the kth harmonic in DQ; frame and
I, (k =3,4,7,8) corresponds to the /th harmonic in DQ4 frame.

Theorem 1: When I, ...,Is in DRFs are controlled to zero,
Lag, Ik, 141, and I will be zero and, thus, the kth and /th current
harmonics in the synchronous frame are minimized to zero.

Proof to Theorem 1: See the Appendix.
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Theorem 1 indicates that the CHM becomes dc component
minimization in the DRF, so PI controller can achieve this task.
Step 2: The second step is to use the PI controllers to control
I, ...,Ig to zero. Based on Theorem 1, when /1, ...,Ig
are controlled to zero, Igy, 14k, 141, and I, will be
zero and, thus, the current harmonics are minimized

to zero.

As shown in Fig. 3, eight PI controllers are employed to
control I, ...,Is to zero, and the references I;™f, ... I ™ are set
to zero and the feedback control signals are obtained from the
DQ frame currents. The PI controller outputs are the harmonic
voltages to be added to reference voltages in the synchronous
frame to minimize the current harmonics. The output of the ith
PI controller is

%:Kﬁﬂﬁd—hyuﬁﬂ/Uf—Lymi:L”W8

(12)
where Kp ; and K7 ; are the ith PI control gains, and the feedback
control signals Iy, ...,I3 are calculated from DQ frame currents
using (13). The PI coefficients should be properly designed in
order to ensure the control performance. Here, PI coefficients are
designed according to the proposed model. It is a linear model,
so the PI coefficients can be directly calculated from the model
coefficients

LPF(Paor Bliar iqriaz ige)") =LPF(Paor glia ik iaiiq)” )-

13)

Step 3 The third step is to apply the voltage harmonics to
DQ frames. The harmonic voltages to be added to DQ
frames in the synchronous frame can be obtained by
applying (8) to the dc voltages V1, ...,Vg in (12), which
are

[VarVgrvarvg] " = Pyt [Vi Va Vs Vi) "
+P5 Vs Vs Vi V)T
Vicos kB + Vo sin kO + Vs cos k) — Vg sin k6

Vzcoslh + Vysinlf + Vz coslf — Vgsinll
—V3sinlf + Vjcoslh + V7 sinlf + Vg cos O
(14)

When there is no inverter voltage limit, the current harmonics
can be minimized by setting ;™ to I to zero. In this way, the
CHM is achieved.

B. With Consideration of Inverter Voltage Limit

This section discusses the inverter voltage limit. During CHM,
the voltage harmonics in (14) will be added to DQ frame refer-
ence voltages, and the total reference voltages can be denoted
as
1"+ arvgrvavg]

(15)
where v 41 o and v4; represent, respectively, the actual reference
voltage and the voltage without CHM in D; axis; and similar
for Vql,as Vaks Vd2,a> Vdls Vq2,a» and Vql-

T
[Udl ,aUq1 ,avd2,avq2,a] = [Udl Vq1Vd20Vq2

—Visin k6 + Vs cos kO + Vs sin k6 + Vg cos kO
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In a-frame, inverter voltage limit can be denoted as [33]

2
Vlimit <z Udc (1 6)

-3
where Uy, is dc-link voltage and vj;pit 1S not constant.

During CHM, voltage harmonics (14) could result in the total
voltage exceeding the voltage limit (16), which can happen
especially at high-speed conditions. Hence, it is necessary to
consider the inverter voltage limit in CHM.

In order to minimize igy, gk, iq;, and iy, one needs to add
the voltage harmonics to generate —igy, —igx, —iqi, and —igy to
cancel the existing ones. Based on (6), when (17) is added to the
reference voltages, the current harmonics can be minimized
[Vak Vgk Vai qu]T:[*idedk — gk Lk — taiZdl — iquqz]T

A7)

When (17) is added to DQ frames, the peak voltage will
change accordingly. If inverter voltage is limited, it is unable to
provide all the voltages to minimize the current harmonics and
one can only reduce the current harmonics to a certain amount.
In other words, with limited inverter voltage, the references in
Fig. 3 cannot be zero and instead should be optimized.

Taking the test motor as an example, the 6th harmonic in DQ»
frame has significantly larger magnitude than the 12th harmonic
in DQ; frame, as shown in Fig. 2. As analyzed in Section II, for
the same harmonic order, the impedances in DQ3 frame are much
smaller than that in DQ; frame. Hence, with limited voltage, one
should minimize the current harmonic in DQs frame with larger
magnitude at first. In this way, one can reduce more current
harmonics. In other words, with limited voltage, the optimal
solution is to suppress the 6th harmonic in DQ, frame at first
and then suppress the 12th harmonic in DQ; frame if the voltage
is still available. Without loss of generality, this article focuses
on reducing the /th harmonic in DQs frame with limited voltage.

Problem statement: Assume that initially the current harmon-
ics in DQy frames are i4;,0 and iy o, respectively, and they can
be, respectively, reduced to a1ig;,0 and aaigr o due to limited
inverter voltage (without limit «; and a will be zero). Since
the inverter voltage is limited to reduce the DQ, frame current
harmonics, the Ist, 2nd, 5th, and 6th PI controllers for DQ;
frame in Fig. 3 are disabled. The task here is to find optimal o
and «o satisfying the constraints of inverter voltage limit and
machine loss.

According to (6), the voltages required to reduce DQ- frame
current harmonics to a1iq;,0 and aaiy,0 can be denoted as

[va 'Uql]T =—[(1—-o) twoZa (1— 042)iqz,qul}T- (18)
Assume that the inverter voltage is limited to Vj, that is

lvar| + |vg| < Vo. (19)

In fact, one can also consider sqrt(vdlz—l—vqﬂ)gvo. The major
objective is to find o1 and «y satisfying (19).

On the other hand, the induced copper loss is proportional to
the square of the magnitudes of current harmonics, therefore,
the other objective is to minimize the square of the current
magnitudes for loss minimization, that is

min (o315 o + 312 o) st |va| + [vg| < Vo (20)
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where 1459 and 1 o are the magnitudes of i 4; g and i 4,0, respec-
tively.

In order to find optimal o; and aa, we construct the Lagrange
cost function (21) based on (18) and (20)

flan,ag,y) = ail o + a3}
+v((1—on) IgoZa + (1 — a2) IgoZg — Vo)
(2D
where ~ denotes the Lagrange coefficient.
To solve (21), we need to compute the partial derivatives as

of _of _9f
day  Oay Oy
20115, o — Ylar,0Zar = 0
=0= 2&21;70 — ’qul’()qu =0 (22)

(1 —Oél)TZdl + (1 — 042) qu =7

where 7 = 14,0/l 51,0 and Zy = Vo/l4,0. By solving (22), optimal
o and o can be obtained as

TZa~+Zg—Zo TZa+Zg— 2o

Zdl Q2 opt = qu~
r(23+22) (73+22)

Q1 opt =
(23)
Under inverter voltage limit, optimal o and «y are theo-
retically derived in (23). However, voltage limit is unknown
and machine parameters can vary. Therefore, it is challenging
to use (23) to find the optimal values. To this end, this article
explores the relationship between 1 o, and aip ot givenin (24)
for current harmonic suppression, which is obtained from (23)
Zai

= —. 24
Tqu ( )

Q1 opt
Q2 opt

As discussed in the Appendix, the DQ, frame inductances
satisfy Lgo = Lg2 = Lg. Since resistance and inductance in Do
frame are equal to that in Qs frame, it is reasonable to assume
that the impedances in DQ2 frame are equal, that is, Zy; = Z.
Hence, (24) can be simplified as

Aropt 1 (25)
Q2 opt T

Based on (25), this article proposes a practical control strategy
to find optimal vy and o, which does notrequire inverter voltage
and machine parameters. If we control a; and avg independently,
the control structure will be complex. To this end, a new coeffi-
cient o (0 < o < 1) is introduced and based on (25), o1 and ao
can be represented as

as = a, oq:a%, if 7>1

ap =, ag = QrT, else .

It is obvious that a;; and a in (26) will always satisfy (25).
With (26), the control structure can be simplified. Specifically,
with (26), one needs to control only « for current harmonic
suppression. If there is no inverter voltage limit, « is set to zero.
With inverter voltage limit, the proposed control strategy is an

iterative search based method for determining the optimal a.
The idea is that one can decrease o gradually until the current

(26)
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Algorithm I: Control of c.
1.Setato 1
2. Attime 1, If X;| I;"*"-I;|<¢e, oy = ap.1-Aay, else a; =
Qg
3.If 3| I,°-1,] at t+1 is larger than X;| I,°!-1, at ¢
Optimal « is o

TABLE I
UNDER INVERTER VOLTAGE LIMIT, THE DQ2 FRAME HARMONIC CURRENTS
AND VOLTAGES USING ALGORITHM I

=0 =1 =2 t

id],O ( 1 -A(I)l‘dz,o ( 1 -2A(1)l'd[,0 ( 1 -[A(l)id[,o

() (1-Aa)tigo (1-2Aa)tig0 (1-tAo)tigo

Vai Aia0Za 2A0ia0Z41 tA41,0Z41

Vyl -(1-t+Aat)igoZy | -(1-t+2A01)ig0Z, | -(1-1+tA0t)ig0Z,
[Val[Hval 2A0l 10| Zal+vo 4A0d 410/ Zaf+vo 2tA0d 410\ Zail+vo

harmonic magnitude is not decreasing any more, and then opti-
mal « is obtained. This is the conceptual idea. More specifically,
« can be controlled as follow. Initially set v to 1, and then at time
t update ov; = ap.1—Aqv if the input of the PI controller (-1,
i =3.4,7,8) is zero (the harmonic magnitudes are minimized to
o, +-11q1,0 and o 11141 0), otherwise keep a; = a1 Here, A
is a predefined small positive value. Practically, the input of the
PI controller (/;*'-1;) will never be zero due to measurement
noise and uncertainties, and thus, “the input of the PI controller
is zero” can be revised as “the input of the PI controller is
smaller than a small positive value €.” Once the current harmonic
magnitude is not decreasing any more, optimal « is obtained.
Here, the control of « is operating at a lower sampling rate as
compared with the current control in the machine drive.

The control of « is summarized as in Algorithm I. At time
t, the reference values in Fig. 3 can be calculated as follows.
Applying transformation matrices to DQ frame currents before
CHM, the obtained initial dc values are denoted as /1 o, ...,I5 o,
which is obtained from (10). Then, the references at time ¢ can
be calculated from

I = 0.5 (ar(I30 + Ir0) + azy

s

I30—1I70

( ) ( )
It = 0.5 (ag, (s + Is,0) + 14 (Iao — Isp)) @7
et = 0.5 (ar,(Is0 + I7,0) — a2 (Is0 — Ir0))
I = 0.5 (a2, (Ia0 + Is0) — ar,¢(Iao — Iso)) -

Proof'to (27): See the Appendix.

The proof that Algorithm I is capable of finding the optimal
acis as follows. At = 0, DQ2 frame current harmonics are i 4o
and i, 0. Without loss of generality, assume that the magnitude
of iy is larger than that of iy; . Using Algorithm I, at r = 1,
iq1,0 is minimized to (1-Aa«)ig;,0 and ig o is minimized to 7(1-
Aa)igo. According to (6) and (18), the required voltages vg;
and v are —Aaig;,0Zq; and —(1-7+Aa7)ig;,0Z 4, respectively,
thus [vai|+|vgl is 2Aad g1,0|Zail+vo, where vo = (1-7)14,0|Z |
and Z4; = Zy. In each sampling time, the harmonic currents
and voltages are listed in Table I, which shows that |vg|+|v
is increased by 2Aal 4;,0|Z 4 in each iteration. At time 7, if the
inverter voltage is available, then the current harmonics can be
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Fig. 5. Implementation of CHM in a motor drive.

minimized to (1-tAa)ig;o and (1-7—tAat)ig0, and |vgl+|vl
is increased by 2Aad g1 0|Zail- [vail+|vgl will keep increasing
until it reaches the voltage limit and the harmonic current
magnitude will stop decreasing. In this case, the condition in
Algorithm I is satisfied and the optimal coefficient is obtained.

C. Implementation and Comparison With Existing Method

The implementation of proposed approach is summarized in
Figs.3-5. In Fig. 5, voltage harmonics are generated to be added
to the voltage references for CHM, which shows that harmonic
current minimization control is independent from the dc current
control, and thus, the proposed approach will not affect the
current control for torque production. Without inverter voltage
limit, 1;"f to I in Fig. 3 are set to zero to minimize the current
harmonics. When the inverter voltage is limited, 1st, 2nd, 5Sth,
and 6th PI controllers are disabled in Fig. 3, and I3t et poref]
and I3™ are obtained from Fig. 4 to achieve current harmonic
reduction. Hence, the proposed approach is capable of current
harmonic suppression with inverter voltage limit.

In [38], the method aims to minimize the current harmonics
in abexyz frame, in which a new transformation is developed to
convert the Sth and 7th harmonics in abcxyz frame into the dc
components and then PI controller is employed to control the
dc components to zero. In implementation, Tpq in Fig. 5 will
be replaced with a new transformation matrix in [38]. However,
the new transformation converts the DQs frame dc currents into
harmonic components in the new frame, which will affect the
current control in the synchronous frame, although DQ, frame
currents do not contribute to torque production. Its performance
can be affected by DQy frame transient currents. On the other
hand, the proposed approach minimizes the current harmonics in
the synchronous frame and does not affect the dc current control
inboth DQ; and DQ, frames. Therefore, the performance will be
better than that in [38] during the transient conditions, which will
be validated with experiments. More importantly, the proposed
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TABLE II
DESIGN PARAMETERS OF THE TEST MOTOR

Rated current 15A NO. of slots 48
Rated torque 75Nm | La@ I=15 A,y=30° -21 mH
Rated speed | 575 rpm Magnet flux Ao 0.339 Wb

Rated voltage 140 V NO. of pole pairs 4

approach considers inverter voltage limit with comprehensive
theoretical analyses.

IV. EXPERIMENTAL INVESTIGATIONS

The proposed CHM approach is tested on a laboratory dual
three-phase PMSM drive, as shown in Fig. 6, and the design
parameters are listed in Table II. Three tests are conducted to
validate proposed approach, in which the inverter voltage is
sufficient in Tests 1 and 2 and it is limited in Test 3. Moreover,
the proposed approach is compared with the method in [38]
under both steady-state and transient conditions in Test 2 to
demonstrate the performance improvement.

Test 1 is conducted to validate the proposed approach under
various load conditions. The original DQ frame currents of the
test motor under various loads are shown in Fig. 7. Here, 12th
and 6th harmonics are dominant. Fig. 7 presents the magnitudes
of the 12th and 6th current harmonics in DQ; and DQ; frames.
In Fig. 7, the test motor operates at a speed of 100 r/min. It can
be observed from Fig. 7 that 6th current harmonic has a much
larger magnitude than 12th one; as the stator current increases,
the magnitude of 6th harmonic increases as well. The proposed
approach is then applied to minimize the current harmonics in
DQ; and DQ, frames. Fig. 8 presents the minimization results
under every load condition in Fig. 7. As shown in Fig. 8, the
current harmonics have been reduced significantly. For instance,
under the stator current of 5 A, the 12th harmonics in DQ; frame
and 6th harmonics in DQ, frame have magnitudes of 31, 62, 265,
and 306 mA, respectively; however, after minimization, accord-
ing to Fig. 8, they are 5, 3, 2, and 2 mA, respectively. Compared
with Fig. 7, 12th harmonic magnitudes in DQ; frame and 6th
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harmonic magnitudes in DQ. frame have been minimized to
near zero, as shown in Fig. 8(c) and (d).

On the other hand, Fig. 9 presents phase a and x current
comparison without and with the proposed approach under the
stator current of 5 A. In Fig. 9, there are obvious harmonics in
the phase currents due to motor and drive nonlinearities, but the
phase currents are close to sinusoidal waveforms after CHM.
The results before and after minimization at the rated current
are presented in Fig. 10 and the current harmonic magnitudes
are listed in Table III. In this test, the DQ; frame currents are set
to—7.5 and 13 A, respectively. It can be seen from Table III that
the proposed approach is able to minimize the current harmonic
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TABLE III
MAGNITUDES OF THE CURRENT HARMONICS IN DQ FRAME BEFORE AND
AFTER MINIMIZATION AT RATED CURRENT

Magnitude Before Magnitude After
Minimization (A) Minimization (A)
Di Frame 0.06 0.014
Q) Frame 0.09 0.011
D> Frame 0.36 0.007
Q> Frame 0.55 0.006

effectively under the rated current. On the other hand, the torque
waveforms and the calculated torque using (2) are presented in
Figs. 8(e) and 10(c), in which the inductance values used in the
calculation are obtained from offline inductance maps. Here,
the calculated electromagnetic torque is slightly larger than the
measured shaft torque, which is mainly due to the mechanical
loss. Figs. 8(e) and 10(c) demonstrate that the proposed approach
will not affect the torque control because the control of current
harmonics will not affect the dc current control.

In Test 2, the proposed approach is evaluated under the torque
transient condition at a higher speed of 300 r/min. In this test,
the stator current increases from 5 to 14 A. Fig. 11 presents
the DQ frame currents before and after minimization by using
the proposed approach as well as the compared method in
[38]. Under transient condition, current harmonics will increase
without minimization, for instance, the 6th harmonic magnitude
can increase up to 1.1 A. In Fig. 11, both the proposed and
compared methods can effectively minimize the current harmon-
ics in DQ frame currents under both steady-state and transient
conditions. Fig. 12 presents the comparison of the harmonic
magnitudes during minimization. As can be seen from Fig. 12,
when the stator current is 5 A, the harmonic magnitudes of i1,
iq1, g2, and igo are 130, 170, 720, and 790 mA, respectively;
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Fig. 12.  Comparison of the current harmonic magnitudes under the transient

condition before and after minimization in Test 2, where the proposed approach
achieves a better performance during the transient condition.

they are, respectively, minimized to 3, 5, 3, and 4 mA in the
proposed approach; and they are, respectively, minimized to 4,
4, 6, and 7 mA in the compared method. In Figs. 11 and 12,
both the proposed and compared approaches can minimize the
magnitudes of the 12th and 6th current harmonics to near zero.

However, during the transient condition, the proposed ap-
proach performs better than the compared method, as shown in
Fig. 12. For instance, the peak magnitudes during the transient in
Fig. 12 are 20, 30, 32, and 35 mA in the proposed approach; and
they are 29, 48, 42, and 44 mA in the compared method. This
indicates that the proposed approach can achieve a low current
harmonic and, thus, better performance during the transient. The
reason is discussed in Section III-C. It should be noted that
the same PI coefficients are utilized in both the proposed and
compared methods to avoid the influence from the PI controllers
during the comparison. Moreover, under limited voltage, current

condition in Test 3. (a) Input to control « in Fig. 4. (b) DQ2 frame currents.

harmonics cannot be minimized to zero, but the compared
method will keep increasing the voltages until current harmonics
are minimized to zero. However, the inverter is unable to deliver
the required voltages, which will affect the reference voltages
used for torque production. Hence, with limited voltage, the
compared method is not effective and might affect the torque
control, so the comparison is conducted with sufficient voltage.

In Test 3, it is assumed that the inverter voltage is limited,
so this test considers to reduce DQ» frame current harmonics.
Here, inverter voltage limit is achieved by changing the dc-link
voltage, in which the available voltage can be calculated from
(16). In the first test, the motor is operating at 500 r/min and the
load torque is 40 N-m. Fig. 13 presents the initial DQ» frame 6th
current harmonic magnitudes, which are 0.47 and 0.52 A, respec-
tively, so the coefficients are calculated using the first equation
in (26). The coefficient « is initially set to 1 and then gradually
reduced based on the current error defined in Algorithm I. In
Algorithm I, A« is set to 0.05, which means that « is reduced
by 0.05 every time when the condition is satisfied. During the
minimization, the error ;| I;*"~I,| is shown in Fig. 14(a), the
calculated reference current magnitudes are shown in Fig. 13,
and the actual DQy frame currents are shown in Fig. 14(b). The
actual magnitudes of 6th harmonics are compared in Fig. 13(a)
and (b). From Fig. 13, when the actual current harmonics are
minimized to the reference values, the reference values will be
decreased until the current harmonics cannot be reduced any
more, and the optimal references are obtained. The reference
voltages are presented in Fig. 15. In this test, DQ; frame voltage
dc value is about 104 V, as shown in Fig. 15(a), and the dc-link
voltage is set so that the available inverter voltage is about 110 V.
As shown in Fig. 15(b), the harmonic voltage magnitude will
increase gradually to 9.4 and 7.8 V, respectively, and the current
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harmonic magnitudes are decreasing gradually. In this test, the
voltage limitis represented by the dash line in Fig. 15(c), whereas
the DQ; frame voltages are the solid line, which is within the
voltage limit. The harmonic voltages are added into DQ; frame
to reduce the current harmonics and the total DQ frame voltages
in Fig. 15(c) are also within the inverter voltage limit. Due to
voltage limit, the 6th current harmonic is not minimized to zero.
In the second test, the proposed approach is applied to the case
of speed transient condition with inverter voltage limit and the
speed decreases from 400 to 200 r/min during CHM, as shown
in Fig. 16. A« is set to be the same as the first test. In this
test, 32;| 1;"~1,| is presented in Fig. 16(a), the actual DQ, frame
currents and motor speed are shown in Fig. 16(b), and DQ; frame
currents are controlled to O and 15 A, as shown in Fig. 16(c).
The calculated reference magnitudes for DQ, frame currents are
showninFig. 17.Itcanbe seen from Figs. 16(a) and 17 that under
the speed transient, the magnitude of the current harmonics will
slightly increase, which leads to the increase of X;| I;*-I,|.
Therefore, although more voltage will be available after the
speed is reduced, the reference magnitude (coefficient «v) is not
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decreasing, as the condition in Algorithm I is not satisfied, so the
reference magnitude is kept the same during the transient, that is,
oy = gy for ¥y| 1;°1—I;|>¢ during the speed transient condition.
Therefore, during the transient, the magnitude of 6th current
harmonics is kept to be 0.24 and 0.14 A, as shown in Fig. 17;
after the speed is reduced to 200 r/min, the current harmonics
are further reduced. These results demonstrate that the proposed
approach is capable of current harmonic suppression under
both steady-state and transient conditions with limited inverter
voltage.

V. CONCLUSION

An efficient DRF-based CHM approach is developed for dual
three-phase PMSMs, which is effective under the constraint
of inverter voltage limit. The derived current harmonic model
indicates that the dominant harmonics occupy most of the current
harmonics. Hence, the proposed approach converts the dominant
current harmonics in the synchronous frame into the dc compo-
nents by using DRFs and minimizes dc components by using
PI controllers. Under inverter voltage limit, optimal solution
for current harmonic reduction is theoretically derived and a
practical iterative search based control strategy is developed to
eliminate the need of inverter voltage and machine parameters.
Test results demonstrate that the proposed approach is effective
for CHM under various operating conditions and performs better
than the compared method especially under transient conditions.
With limited voltage, this article assumes that the voltage is used
to reduce DQy frame current harmonics. When the voltage is
enough to minimize DQy frame current harmonics but limited
to reduce DQ; frame current harmonics, 75", 1, I;", and
I will be set to zero, and 1, I,™f, 15, and I5™f can be
obtained from Fig. 4, in which the parameters should be updated
accordingly.

APPENDIX

According to Hu et al. [30] and Kallio et al. [32], the self-

inductance of phase i can be denoted as
L;=Lyg+ L+ Lso COS(291‘). (28)

The mutual inductance between phases i and j in the same set of
windings can be denoted as

Ml‘j = MmO,l COS(Q,‘ — Hj) + Msg,l COS(GZ‘ + GJ) 29)
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The mutual inductance between phases i and j in different set of
windings can be denoted as

M,jj = Mm072 COS(GZ‘ — 91) + Mm272 COS(@I' =+ GJ) (30)

Here Ly is the phase leakage inductance; and Lo, Mo,1,
and Mo are the dc values; Lgo, Mo 1, and Mo o are the
second-harmonic coefficients. The detailed definitions of these
coefficients can be found in [30] and [32]. When the transforma-
tion is applied to the inductance matrix, DQ frame inductances
can be derived as

Ldl = le + 3Ld, qu = le + 3Lq
Ld2 = Lq2 = le

Lg=Ls+ L
Lq - LsO - Ls2

with 3D
where L;; and Ly are DQ; frame inductances; and Lg2 and
Ly> are DQ, frame inductances and are equal to the leakage
inductance, which also confirms with the results in [19].

Proof to Theorem 1: Substituting I} = Iy =I5 = Is = 0 into
(10) yields

L1, cos dar + qu sin ¢qk =0, Igsinogr — qu CcOos ¢qk =0

15 cos ¢dk — qu sin (bqk =0, Iy sin ¢dk: + qu Ccos ¢qk =0.

(32)

With (32), we can derive /4, = I 5, = 0. Similarly, substituting
I3 =1, = Iy = Ig = O into (10), we can derive I 4; = I, = 0.
Proof to (27): Substituting I o, ...,I3 o into (10), we have

Iycospq = I3 0+ 170, Igsingy = Is0 — I7p

. (33)
Ty sing = Ia0 — Ig,0, Igcospg =110+ Igp-

At time 1, the current harmonics are reduced to o 4i 47,0 and
Q2 4iq1,0, thatis, the reference currents are oy i 4,0 and aep 4i41,0-
Substituting vy 4ig1,0, 2, ¢iq1,0, and (33) into (10), we have (27).
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