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Abstract

The purpose of this paper is to study a high-performance control scheme for neutral-point-clamping three-level (NPC-3L)
inverter fed dual three-phase permanent magnet synchronous motor (PMSM) drives by considering some asymmetric factors
such as the non-identical parameters in phase windings. To implement this, the system model is analyzed for dual three-phase
PMSM drives with asymmetric factors based on the vector space decomposition (VSD) principle. Based on the equivalent
circuits, PI controllers with feedforward compensation are used in the d-g subspace for regulating torque, where the cut-off
frequency of the PI controllers are set at the twice the fundamental frequency for compensating both the additional DC
component and the second order component caused by asymmetry. Meanwhile, proportional resonant (PR) controllers are
proposed in the x-y subspace for suppressing the possible unbalanced currents in the phase windings. A dual three-phase space
vector modulation (DT-SVM) is designed for the drive, and the balancing factor is designed based on the numerical fitting
surface for balancing the DC link capacitor voltages. Experimental results are given to demonstrate the validity of the theoretical
analysis and the proposed control scheme.

Key words: Asymmetric factors, Neutral-point-clamping three-level inverter, PMSM drives, Space vector modulation, Vector space

decomposition

I. INTRODUCTION

Multiphase motor drives offer some attractive features
such as an increased system power, reduced torque ripple,
excellent fault tolerant characteristic and high reliability
[1]-[4]. On the other hand, the use of standard “off-the-shelf”
components makes it necessary to select the phase number as
a multiple of three, and it is preferable to use multiphase
systems composed of three-phase subsystems [5].
Consequently, dual three-phase motor drives are attracting
more attentions these days. By designing two sets of
three-phase windings shifted by 30 electrical degrees, the
6kth (k=1,2+++) order pulsating torque component can be
completely eliminated [6], [7]. Previously, a lot of research
has been presented for dual three-phase motor drives. For
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controlling dual three-phase drives, one solution is based on
dual synchronous frames and the electric motor is controlled
separately in two three-phase subsystem [8], [9]. Another
solution is based on vector space decomposition (VSD),
where the fundamental components, harmonic components
and zero-sequence components are decoupled and mapped
onto three subspaces, namely a-f, x-y and z;-z,, which are
orthogonal to each other [10]. The electromechanical torque
is regulated in the o f subspace and the harmonic
components are suppressed to be zero in the x-y subspace by
designing the modulation strategy. Meanwhile, the control in
the z;-z, subspace can generally be neglected by isolating the
neutral points of two sets of windings. In [11], an additional
control strategy is proposed in the x-y subspace for further
suppression of the harmonic current. In [12], decoupling
control is proposed in the fundamental subspace based on the
VSD frame to improve the dynamic performance of dual
three-phase PMSM drives. Furthermore, the control of a dual
three-phase motor is considered for asymmetric operation in
[13], [14], where the unbalanced components are mapped
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onto the harmonic subspace (x-y subspace) with the
fundamental frequency, and improved PI controllers are
proposed for eliminating the unbalanced current components.
In addition, some of the control strategies and algorithms for
traditional three-phase motor drives such as direct torque
control and nonlinear control algorithm have been adapted for
dual three-phase motor drives [15]-[20].

It should be noted that all of the aforementioned research is
discussed based on two-level multiphase inverter fed drives.
This blocks extensive application of multiphase motor drives
in medium voltage drives. During the past two decades, a
series of multilevel inverters topologies have been shown to
exhibit excellent advantages in medium-voltage and
high-voltage drives [21]. In addition, the
neutral-point-clamping (NPC) type multilevel topology has
become a popular configuration in the industry [22].
Therefore, NPC multilevel inverter fed multiphase motor
drives have significant value in applications of high-power
medium-voltage drives. SVM strategies based on the VSD
principle have been proposed for NPC three-level NPC-3L
five-phase induction motor drives in [23], [24] and for
NPC-3L seven-phase induction motor drives in [25], where
the optimum voltage vectors are chosen to synthesize the
reference voltage in the o-f subspace while eliminating the
voltage components in the harmonic subspace. However, all
of the previous studies on multilevel inverters have been
applied to open-loop controlled five-phase or seven-phase
induction motor drives with symmetrical operation. Work on
a closed-loop control scheme for multilevel dual three-phase
PMSM drives considering asymmetric factors is still rare.
Furthermore, SVM based on the VSD principle cannot be
used for eliminating the unbalanced currents of dual
three-phase drives with asymmetrical operation. This is due
to the fact that it is very difficult to output specified
components on the harmonic subspace except zero.

Unlike previous research, the purpose of this paper is to
analyze and control NPC-3L inverter fed dual three-phase
PMSM drives by considering asymmetric factors. In this
paper, the VSD model of a dual three-phase PMSM with
asymmetrical operation will be built and the dual three-phase
SVM (DT-SVM) strategy is designed for NPC-3L inverters.
According to the motor model and the modulation strategy,
the vector control scheme based on the VSD is proposed for
NPC-3L inverter fed dual three-phase PMSM drives. In the
proposed VSD scheme,
decoupling control and proportional resonant (PR) control are
adopted to improve the dynamic performance of the drives

current  control feedforward

and to suppress the unbalanced currents induced from some
asymmetric factors such as the non-identical parameters
between dual windings. In addition, a balanced factor is
introduced for the DT-SVM to effectively balance the
DC-link capacitor voltages, which are selected in term of the
numerical fitting surface. Experiments are presented to verify
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Fig. 1. Configuration of a NPC-3L inverter fed dual three-phase
PMSM.

the validity of the analysis and the proposed control scheme.

II. CONFIGURATION AND MODELING

Fig. 1 shows the configuration of NPC-3L six-phase
inverter fed dual three-phase PMSM drives, where the
electric machine (also called an asymmetric six-phase PMSM)
consists of two sets of three-phase Y type windings shifted by
30 electrical degrees. The neutral points of the two
three-phase windings are isolated, and the dual three-phase
PMSM is fed by NPC-3L six-phase inverters. Each phase of
the NPC-3L inverter can output three-level polar voltages,
which are U,/2, 0 and -U,/2. The three-level dual
three-phase PMSM drives topology inherits the advantages of
multiphase motors and multilevel inverters. It also offers
attractive solutions for medium-voltage high-power drives.

Assuming that the windings are distributed sinusoidally,
the permanent magnet (PM) flux is constant, the back EMFs
are sinusoidal, and the magnetic saturation, magnetic
hysteresis and mutual leakage inductance are neglected. The
voltage and flux equations in the phase frame are as follows:

{us = Riis + py (l)

we =L + V/fF(e)

where u=[uy, ug, uc, up, u, uF,]T is the stator voltage vector,
i=[iy, ip, ic, ip, ig, iF,]T is the stator current vector, and ¥
=lw4, W, Wer Wpy Ve, l//p,]T is stator flux vector. y;is the peak
value of the PM flux, F(68)=[cos(H), cos(6-n/6), cos(6-2n/3),
cos(6-5m/6), cos(6-4n/3), cos(f-3m/2)] T is the rotated
coefficient matrix, and @ 1is the rotor electrical degree. p is the
differential operator d/dt, R is the stator resistor, and the
stator inductance matrix is expressed as:

LS =A+B+ LISI6 (2)

where I; is the identity matrix and L, is the leakage
inductance.
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where A\=1, A,=.f3/2, As=1/2 and L,, is the peak value of

the main self-inductance.

“4)

where  Bi=cos(26), B,=cos(260-1/6), B;=cos(26-2n/3),
B4=cos(26-5n/6), Bs=cos(26—4mn/3), B¢=cos(26—3n/2) and L,
is the peak value of the reluctance inductance.
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According to the VSD theory for dual three-phase
machines [10], the original six-dimensional variables are
decomposed onto three orthogonal subspaces a-f , x-y and
z1-z, by the VSD transformation matrix (5). The fundament
and harmonic components with orders of 6m=*5 ( m=1,3,5--)
are mapped on the o~/ subspace, the harmonic components
with orders of 6m=*1 ( m=1,3,5-) are mapped on the x-y
subspace, and the zero-order components with orders of 3m
(m=1,3,5---) are mapped on the z-z, subspace. The
components on the x-y and z;-z, subspaces make no
contribution for the outputting torque, and the effects of the
components on the z;-z, subspaces can be neglected due to
the isolated neutral point blocking of the current flow path on
the =zero-sequence subspace. By applying the VSD
transformation (5) and the Park transformation (6) to Eq. (1),
mathematical models of a dual three-phase PMSM can be
expressed as shown in Egs. (7-8):

LIS + Ld 0
=R, + pi

Hdq = Sstdq 0 Ly+1L,|"%
7
0 —(Ly+L,)]. 0 @

+w ldq +w

LIS + Ld 0 l//f

Uy, = Rsiag/ + Llspi;g; 3
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(a) d —axis equivalent circuit
- E + da R, Lis+La -7+
Ua ) o(L, +L)i,

(b) q — axis equivalent circuit
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(¢) x— axis equivalent circuit
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>
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Fig. 2. Equivalent circuits of a dual three-phase PMSM drive in
the VSD frame.

where @ is electrical angular speed, and L/~=3(L,—L,,) and
L=3(Lyy+L,,). The electromagnetic torque equation can be
obtained in Eq. (9) according to the principle of power
conversation [26]:

T, =3n, [‘/’fiq +(Lyg _Lq)idqu ©®
where n, is the pole pair number. Consequently, the
equivalent circuits of a dual three-phase PMSM in the VSD
frames are plotted in Fig. 2.

Considering the inevitable asymmetries of the drives
system, they mainly include asymmetry in the stator
resistance, inductance, back EMF and supply as reported in
[27]. The supply asymmetry is not taken into account in this
paper since it can be eliminated easily by using an
appropriate  PWM strategy. Consequently, the voltage
equation in Eq. (1) with asymmetries can be rewritten as
follows:

u, =R, + Lipi; +eg + AR, + AL pi; + Aeg

(10)

=Rgig + Lypi, +eg + Aug
where AR, AL, and Ae, are the asymmetric components of
the stator resistance, stator inductance and back EMF,
respectively. Au, expresses the total asymmetrical component.
Based on the symmetric component method and Euler’s
formula, the asymmetric component can be expressed as a
combination of the positive-sequence and  the
negative-sequence components under each of the dual
three-phase frames. The  positive-sequence and
negative-sequence components in the polar coordinate form

for each set (Au" oy and Au'ppr) can be expressed as
shown in Eq. (11):

AurACE = %kIUSe]<0+5]) + %kZUse_j(9+§])
an

I . ] y
A’ ppp =~ koUse! (0+62) +kiUse j(0+62)

where k, k,, k; and k4 are the coefficients depending on the
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asymmetry type, Us is the amplitude of the symmetric
component, and 6, and & are the initial phase angles of the
asymmetric components under the ACE-phase frame and the
BDF-phase frame. By applying the VSD transformation and
the park transformation in Eq. (11), the unbalanced
components in the d-g frame and the x-y frame can be
obtained in Eqns. (12-13).

{Aud} {Kd+Qd(29)} Uy
= = —2 X
Auy |7 K, +0,20) |7 2
(ky 008 8 + k3 €05 8 ) +| kep cOS(20 +8,) + kg c05(20 + 5) |

(kysin &, + k3 sin &) [ ky Sin(260 + 8) + ky sin(20 + 5,) |

(12)
{Aux} - {Qx(e)} Uy
Auy | 10,0 ] 2
(ky +ky)cos(0 + &) — (ks + kg ) cos(@ + 5,)
{—(k1 —ky)sin(@ + &) + (ks — k4 )sin(0 + 52)}

(13)

Furthermore, the equivalent circuits of a dual three-phase
PMSM considering asymmetry can be obtained in Fig. 3.

From the equivalent circuits in Fig. 3, it can be seen that
the asymmetry causes an additional fundamental current
component on the x-y subspace, and a DC component and
second order component on the d-g subspace. The
asymmetric current components on the d-g subspace cause
torque ripple, and the asymmetric current components on the
x-y subspace cause additional copper loss. A mitigation
strategy for asymmetric currents will be presented in Section
V.

III. DT-SVM FOR NPC-3L SiX-PHASE INVERTERS

The proposed dual three-phase space vector modulation
(DT-SVM) strategy for NPC-3L six-phase inverters actually
comprises two sets of three-phase SVM modules. The voltage
vectors of the two sets of three-phase inverters can be defined
as follows:

2 iz Jaid

Ul =§(uAMe/0 +MCM€ 3 +MEM€ 3 ) (14)
2 e iz

U2 =§(uBMe 6 +MDM€ 6 +MFM€ 2 ) (15)

where u,,=S,U,/2 (x=A~F) is the pole voltage of the x phase
and S, (-1, 0, 1,) are the level states of the x phase. The states
of S, can also be expressed by the symbols N, O and P,
respectively. Accordingly, a vector diagram of the polar
voltage for NPC-3L six-phase inverters is presented in Fig.
4(a). Furthermore, a vector diagram of the line voltage is
presented in Fig. 4(b), where the symbols “+” and “-”
represent the voltage values U, and —U,., respectively. As
shown in Fig. 4, the black lines correspond to the voltage
vector diagram of the ACE-phase inverter and the blue lines
correspond to the voltage vector diagram of the BDF-phase

(a) d — axis equivalent circuit
_ E + g R, Li+Ly - +
H (L, +L,)i,

"+ "4
K, =constant  Q,(26)
(b) q — axis equivalent circuit
g R, L[l\-+2Lq + =
K (L, +L,)i, +oy

-~ ~ T+
K, =constant  Q,(26)

(¢) x—axis equivalent circuit

—T1 Y'Y
»
SR R, Ly
-+
0.(9)
(d) y—axis equivalent circuit
> — Y Y
>
T + R, L
-+
0,(9)

Fig. 3. Equivalent circuits of a dual three-phase PMSM under the
VSD frame considering asymmetry.

(b)

Fig. 4. Voltage vectors diagrams for the NPC-3L six-phase
inverters of the DT-SVM strategy: (a) pole voltage vectors
diagram; (b) line voltage vector diagram.



1504 Journal of Power Electronics, Vol. 17, No. 6, November 2017

TABLE I

VOLTAGE VECTORS CATEGORIES FOR THE NPC-3L SIX-PHASE
INVERTER OF THE DT-SVM STRATEGY

Classes Number | Length Vectors
Large 6 2 /3 PNN/PPN/NPN/
vectors de NPP/NNP/PNP/
Medium PON/OPN/NPO/
vectors 6 \/gU"“ /3 NOP/ONP/PNO
POO/ONN/PPO/
Small 12 NE OON/OPO/NON/
vectors de OPP/NOO/OOP/
NNO/POP/ONO/
Zero 3 0 OOO/PPP/NNN
vectors
A ﬁ U,. PPN
D
U /o on
OON
N
S U,
A
~ N\ S C a
PPP g l,"p()() PNN
NN 0/ " O 7

Fig. 5. Sector I of the vector diagram in the ACE-phase inverter.

inverter. Both of the dual vector diagrams comprise 27
voltage vectors, which consist of 19 effective vectors and 8
redundant vectors. The 19 effective vectors divide each of the
dual vector diagrams on 6 large sectors. Each of the large
sectors is further divided into 4 subsectors. In term of the
differences in vector lengths, the total 27 vectors can be
classified into 4 categories containing large vectors, medium
vectors, small vectors and zero vectors, as shown in Table I.

In Fig. 4, it is observed that the DT-SVM vector diagram
consist of two sets of NPC-3L three-phase vectors diagrams
shifted by 30 degrees. The modulation processes of the two
sets of three-phase vectors diagrams are similar. When the
reference voltage U, on the a-f subspace is determined, the
reference voltages for the modulation in two sets are obtained
as shown in Eq. (16):

{UIref = Ure{fée 16
UZref = Urgfé(e - 300) (10
where U, is the amplitude of the reference voltage vector in
the a-f subspace, U, is the reference voltage vector in the
vector diagram of the ACE-phase inverter, and U, is the
reference voltage vector in the vector diagram of the
BDF-phase inverter.

For example, in sector 1 of the ACE-phase vector diagram,
the subsectors of sector 1 are referred to as A, B, C and D.
The nearest three vectors (NTV) around the reference voltage
vector vertex are selected for synthesizing the reference
voltage vector U,.. As shown by the location of the reference
vector in Fig. 5, the NTV are U,, U, and Us.

TABLE I
7-SEGMENT VECTOR OPERATION SEQUENCES IN SECTOR 1
_ ubsectors A B C D
Time
t POO | POO | POO | PPO
1, 00O | PON | PON | PPN
13 OON | OON | PNN | PON
ty ONN | ONN | ONN | OON
ts OON | OON | PNN | PON
1 00O | PON | PON | PPN
t; POO | POO | POO | PPO

Consequently, the voltage utilization factor is defined as
H=U,, /U, and the modulation depth is defined to be

M =\3U, s 1 U, .

principle in Eq. (17), the vectors operation time of the NTV
for the synthesizing reference voltage vector can be obtained
as (18).

According to the volt-second balance

{UzTuz +UTy 4+ UsTys =Uper T (17
Tys +Tys +Tys =T

Ty, |27 —23HTsin(6 +60°)

Tys |=| 23HTsin(60° —0)—T, (18)
Tys 23HT, sin(6)

where Ty, Ty, and Tys are the vectors operation times of U,
U, and Us, respectively, and T is the time of the switching
period.

The 7-segment symmetric vector operation sequence is
used, which takes full advantage of the redundant voltage
vectors of the NTV. The 7-segment vector operation
sequences in sector 1 are presented in Table II, where
t=t~=T,/4, t=t=T,/2, t;=t;=T53/2 and t,=T,/2. In addition, T},
T, and T; are the dwelling times of the selected voltage
vectors.

The location judgment of the reference voltage vector
consists of the judgment of the sector and the judgment of the
subsector. The per unit value of the reference voltage vector

is defined as U U,er /Uy - In addition, U can

ref.pu= ref .pu
be written in the polar coordinate form and the plural form as
shown in Eq. (19). According to the range of &, the sector
number of the reference voltage vector can be easily obtained.
The subsector number can be determined in term of the

judgmental principle listed in Table III.
Uref.pu = Uref.pué 0
Urejf'.pu = Ua.pu + jUﬂ.pu

(19)

IV. DC LINK CAPACITORS VOLTAGE BALANCING
CONTROL

The impacts of different vector categories for the middle
voltage of DC link capacitors are different. The impacts of
those vectors are summarized as: (1) large vectors and zero
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TABLE III

JUDGMENTAL PRINCIPLE TO DETERMINE SUBSECTORS OF THE
REFERENCE VOLTAGE VECTOR

Judgment principles Subsectors
Uy pu +Up pu <H I3 A
Uy pu =Up pu 2 H I3 C

Up pu 23H 16 D
Else B

vectors have no effect on the mid-point voltage; (2) medium
vectors cause fluctuations of the mid-point voltage, which
cannot be controlled by a modulation strategy; (3) small
vectors, appearing in pairs, have the opposite effects on the
mid-point voltage [28]. For example, the positive small
vector PPO has the trend of raising the mid-point voltage, and
the negative small vector OON has the trend of lowering the
mid-point voltage. Hence, the DC-link mid-point voltage can
be balanced by dynamically adjusting the dwelling time of
the redundant small vectors. The balancing factor A4 is
introduced to distribute the dwelling time of the redundant
small vectors in Table II.
h=t;=(1+A)T /4
{t4 =(1-A)T /2
Thus, the factors resulting in fluctuations of the mid-point
voltage can be concluded to be: (1) the modulation depth M,

(20

which mainly determines the dwelling time of the medium
vectors and small vectors; (2) the loading current /, which
determines the current value flowing on the mid-point of the
DC link; (3) the loading power factor, pf, which determines
the direction of the current flow on the mid-point of the DC
link; (4) the upper and lower capacitor values C in the DC
link; and (5) the balancing factor A, which is the only
adjusting factor for balancing the mid-point voltage in the DC
link. Consequently, the voltage difference between the upper
capacitor and lower capacitor in the DC link is expressed as
follows.

Loy,
AU = =S (M. pf 1) @21
pu

where 1, is the per unit value of the load current amplitude,
and the rated value is 10A. C,, is the per unit value of the DC
link capacitors C, and the value is 1000 uF. Actually, the
expression f(M,pf,A) 1is a highly nonlinear function,
which is very difficult to express with a time-domain
expression. Some research have studied the relationships
between AU, and M, and pf'and A. In [28], a new model in the

d-q coordinate frame is proposed to describe the expression
of the middle current with a complicated piecewise function,
which indirectly reflects middle voltage of the DC link. In
[29], the equivalent circuit of a NPC-3L inverter is modelled

-
15 ,4‘ | |
AU, :Iwz// C,,ﬁ

(® (h)

Fig. 6. Numerical fitting surface of the voltage difference
between the upper capacitor and the lower capacitor: (a) load
character pf=0.3; (b) load character pf=0.4; (c) load character
pf=0.5; (d) load character pf=0.6; (e) load character pf=0.7; (f)
load character pf=0.8; (g) load character pf=0.9; and (h) load
character pf=1.0.

and the middle voltage expression is derived with the
Laplace-domain. However, in engineering applications, these
complicated expressions are seldom done by digital
controllers like a DSP. In this paper, an effective method is
proposed based on a numerical simulation. The expression Eq.
(21) is discretised into several values by a numerical
simulation with Matlab/Simulink, and they are saved in the
memory of the controller. With allowable deviations of the
middle voltage, the loading current /, the loading power
factor pf and the modulation depth M, the appropriate
balancing factor A can be obtained by an interpolation
approach based on the discrete values of Eq.(21). Fig. 6
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Fig. 7. Proposed control block diagram of NPC-3L six-phase inverter fed dual three-phase PMSM drives considering asymmetric

factors.

presents the interpolation fitting surface of Eq. (21).

As shown in Fig. 6, some valuable conclusions can be
obtained to guide in the selection of an appropriate balancing
factor A for minimizing mid-point voltage fluctuations: (1)
with the same balancing factor A, a high modulation index
benefits the balancing of the DC link mid-point voltage with
a high power factor pfin the load. On the other hand, a low
modulation index has a lower DC link mid-point voltage with
a low power factor in the load. (2) For medium and low
modulation indexes, an appropriate increase of the balancing
factor A can suppress mid-point voltage fluctuations.
However, an excessive increasing of A aggravates the
mid-point voltage fluctuations. (3) For a high modulation
index, the balancing factor A loses controllability of the

mid-point voltage in the DC link.

V. CONTROL SCHEME

Based on the aforementioned VSD model of a dual
three-phase PMSM, the torque component can be controlled
in the d-q subspace, and the asymmetric component can be
suppressed in the x-y subspace. Furthermore, the modulation
of reference voltage and balancing control of the mid-point
voltage can be implemented by the DT-SVM strategy. Fig. 7
presents a block diagram of the vector control for NPC-3L
six-phase inverter fed dual three-phase PMSM drives by
considering asymmetric factors.

As shown in Fig. 7, the outer speed controller generates the
g-axis current reference, and the d-axis current reference is
kept zero for the zero d-axis current (ZDC) operation. The
inner current controller in the d-¢ subspace adopts PI control
to generate the d-axis and g-axis voltage references, namely
feedforward terms

u, and u, . The compensation

Q,=w(L, +L,)i, +oy, and Qq=w(Lq+L,S) are added

L

to the g-axis and d-axis current controllers for decoupling the

interactions between the d-axis and g-axis. Thus, the dynamic
performance of the drive system can be improved. The
bandwidths of the d-axis and g-axis PI current controllers are
designed slightly larger than twice the fundamental frequency
(2w). Therefore, the oscillating terms Q(26) in Fig. 3(a) and
Fig. 3(b) can be effectively controlled. Then applying the

transformation matrix T  to the voltage references vector

park

* = 1T * * .
[u;,u,], the voltage references u, and u, are obtained.

is the inverse matrix of T7,,, in Eq. (6).

T

Meanwhile, the inner current controller in the x-y subspace
adopts a proportional resonant (PR) controller for controlling
the x-axis and y-axis currents to be zero. Then the voltage

references u, and u, are obtained. The transfer function

of the PR controllers in Fig.7 is given as follows:
2K, w,s
s+ 20,5 +0°

G(s)=K,+ (22)
where K, and K, are the proportional and resonant
coefficients, respectively, @ is the fundamental frequency,
and @, is the cut-off frequency, which is helpful for reducing
the sensitivity to slight frequency oscillations of the
fundamental frequency. A smaller @, makes the PR
controllers more sensitive to frequency variations and lead to
a slower transient response. The value of @, is chosen to be
0.02 times the fundamental frequency in this paper, which is
based on the better experimental performance in Section VI.
The z transformation makes it easier to execute Eq. (22) by a
DSP, and the z transformation expression of Eq. (22) is
presented as follows:

2K, 0,2 - 2K e {cos(ﬁ xT)+ %Siﬂ(ﬁ x T)}Z-[

G(z)=K z'+
@)=k, 1-2¢*Tcos(AxT)z" +e**z?

(23)
where A=,/® -’ ,and T'is the control period in the DSP.
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TABLE IV
MAIN PARAMETERS IN THE EXPERIMENTS
Name Value
Pole pair number 7, 3
Stator resistance R, 0.4 Q
PM flux (peak) vy 0.31 Wb
g-axis inductance L, 8.71 mH
d-axis inductance L, 5.68 mH
Experimental speed 550 rpm
DC voltage Uy, 115V
Switching frequency 5 kHz
Balancing factor 4 0.9
Load type Generator

Furthermore, by multiplying the inverse transformation of

-
Tysp to the voltage references vector [ua,uﬁ, ol ou =0,

s

u_, = 0], the voltage references on the natural frames, namely
u, (x=A~F) are obtained. Then with a Clark transform, the

voltage references u,, and u/, , are provided for the first

three-phase NPC-3L inverter, and the voltage references u,,
and uy, are provided for the second inverter. The Clark

transform matrix 7, is given in Eq. (24).

, 1 —1/2 —1/2 o
dark =310 32 =312

The switching signals are generated with the modulation
strategy in Section III and the balancing factor A in Section
Iv.

VI. EXPERIMENTAL VERIFICATION

A laboratory experimental platform of a NPC-3L inverter
fed dual three-phase PMSM drive is built to verify the
validity of the presented analysis and control scheme
considering asymmetric factors. The control part consists of a
DSP (TMS-F28335) and a FPGA (Xinlix-Spartan6), which
are used to implement the control algorithms and switching
strategies, respectively. The power conversion circuit is
constructed by IGBT models (F3L100R07W2E3-B11). A PM
machine feeding the resistors is coupled to the tested dual
three-phase PMSM machine for providing a load. The system
parameters of the experiments are given in Table IV.

Fig. 8 shows measured steady-state waveforms of dual
three-phase PMSM drives without using closed-loop current
control in the x-y subspace. Due to the inevitable differences
in the parameters of the dual three-phase windings, the phase
currents show slight difference in the waveforms of i, and ip
as shown in Fig. 8(a). Thus, the unbalanced components
cause a fundamental-frequency component with a peak value
of about 0.4A in the x-y subspace as shown in Fig. 8(b). Fig.
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-
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T=36.36ms
Time(10ms/div)
(a) (b)
Fig. 8. Measured steady-state waveforms with the open-loop

control in the x-y subspace: (a) A-phase and B-phase currents; (b)
phase current components in the x-y subspace.
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Fig. 9. Measured transient performance of the proposed PR
based controller in the x-y subspace: (a) phase A and phase B
currents; (b) harmonic current components in the x-y subspace;
(c) phase A and phase B currents while connecting a SmH
inductor to phase B; and (d) current components in the x-y
subspace while connecting a SmH inductor to phase B.

9 shows the performance when a closed-loop current
controller is added to the x-y subspace. As mentioned in
Section V, the closed-loop current controller can eliminate
the fundamental current component in the x-y subspace in
such a way that the asymmetry of the phase currents in the
dual three-phase windings can be mitigated. Fig. 9(a) shows
that the slight differences in the phase currents of dual the
three-phase windings are effectively removed, and Fig. 9(b)
shows that the fundamental current components in the x-y
subspace are effectively
additional 5mH inductor is connected to the B phase.
Therefore, the asymmetry issue becomes aggravated. Fig. 9(c)

eliminated. Furthermore, an

and (d) verify that the proposed closed-loop current control in
the x-y subspace are still effective in suppressing unbalanced
phase currents by eliminating the current components in the
x-y subspace.

Secondly, measured steady-state waveforms of a dual
three-phase PMSM drive base on the proposed control
diagram are presented in Fig. 10. The load torque is 7.46 Nm
and the operation speed is stably controlled at 550 rpm as
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Fig. 10. Measured steady-state waveforms of a dual three-phase
PMSM drive with the proposed control scheme: (a) rotor speed;
(b) d-q axis reference currents and measured currents, (c) line
voltages (AC, BD); (d) DC capacitor voltages and the voltage
difference between the upper and the lower capacitors.
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Fig. 11. Measured transient performance of the drive of the
proposed control scheme during the starting process: (a) rotor
speed, g-axis current and phase-A current; (b) rotor speed, DC
capacitor voltages and voltage difference between the upper and
lower capacitors in the DC link.

shown in Fig. 10(a). Fig. 10(b) shows measured steady-state
waveforms of the d-¢q axis reference currents and measured
currents. The actual currents can accurately track their
reference values. The waveforms of the line-to-line voltages
(AC, BD) present five-level states with a 30-degree shifted
angle as shown in Fig. 10(c). Fig. 10(d) presents waveforms
of the DC capacitor voltages and the mid-point voltage
deviation in the DC link. This indicates that the difference
between the upper and lower capacitor voltages is less than 5%
Uy

Thirdly, the measured dynamic performance of the
proposed control scheme for dual three-phase PMSM drives
during the starting process is plotted as shown in Fig.11. The
motor speed goes from O rpm to 550 rpm and the g-axis
current tracks the reference current accurately and rapidly as
shown in Fig. 11(a). The upper and lower capacitor voltages
in the DC link are balanced well during the dynamic process
as shown in Fig. 11(b). Furthermore, Fig. 12 shows the
measured dynamic performance of the drive when the
operation speed is changed, where the machine speed

Journal of Power Electronics, Vol. 17, No. 6, November 2017
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Fig. 12. Measured dynamic performance of the drive of the
proposed control scheme under change in speed: (a) rotor speed,
g-axis current and phase-A current; (b) rotor speed, DC capacitor
voltages and voltage difference between the upper and lower
capacitors in the DC link.
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Fig. 13. Measured dynamic performance of the drive of the
proposed control scheme under a change in load: (a) rotor speed,
g-axis current and phase A current; (b) rotor speed, DC capacitor
voltages and voltage difference between the upper and lower
capacitors in the DC link.

increases from -400 rpm to 400 rpm, and then decreases back
to -400 rpm. As shown in Fig. 12(a), the measured g-axis
current still tracks the reference current accurately and
rapidly. The upper and lower capacitor voltages of the DC
link are also balanced well in the dynamic process in Fig.12
(b). Fig. 14 shows the measured dynamic performance of the
drive with a change in the load, where the torque is changed
between 2.21 Nm and 7.46 Nm. In addition, the g-axis
current can track the reference current accurately and rapidly
in Fig. 13(a), and the DC link capacitor voltages are balanced
well in Fig. 13(b).

Fourthly, the measured performance of the decoupling
effects of the current controller is verified as shown in Fig. 14.
This verifies the validity of the feed-forward compensation
for improving the dynamic performance of the drive, where
the machine speed is 500 rpm. As shown in Fig. 14(a), there
exists a slight disturbance in the d-axis current when the
g-axis current is suddenly changed without the decoupling
control. On the other hand, the d-axis and g-axis currents are
decoupled well in Fig. 14(b) by adopting the decoupling
control in the proposed control scheme.

Finally, Fig. 15 shows experiments based on NPC-3L
six-phase inverter fed RL loads to verify the correctness of
the numerical fitting surface in Fig. 6. For showing the effects
of the balancing factor and modulation depth, the loading
current and pf are kept constant at 2.42 A (rms) and 0.8,
respectively. The DC link capacitor value is 2000 uF. Thus,
the per unit values of the load current and DC link capacitor
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Fig. 14. Measured performance of the feed-forward compensation:
(a) d-q axis current responses without the decoupling control; (b)
d-q axis current responses with the decoupling control.
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Fig. 15. Measured voltage difference between the upper and
lower capacitors with pf/=0.8: (a) M=0.75 and A=0.5; (b) M=0.75
and A=1.0; (b) M=1.0 and A=0.5; and (b) M=1.0 and A=1.0.

are I,,,=0.3422 and C,,=2. As shown in Fig. 15(a) and Fig.
15(b), the modulation depth M is 0.75, and the values of 4 are
0.5 and 1.0, respectively. The values of Au, are around

0.6V and 0.65V. Using the equation z(V)=4u C /I  , the

™~ pu pu >

values of z(V) can be calculated as 3.51 and 3.80,
respectively. These values agree with the corresponding
values in Fig.6 (f). Similarly, when M is 1.0, and the values
of Aare 0.5 and 1.0 in Fig. 15(c) and Fig. 15(d), the values of
z(V) are calculated at around 7.10 and 7.60, respectively.
These values are also approximately equal to the
corresponding values in Fig. 6(f). In addition, Fig. 15(c) and
Fig. 15(d) also verify the aforementioned conclusion that the
balancing factor A has less controllability in terms of
mid-point voltage in the DC link for a high value of M.

VII. CONCLUSIONS

This paper has studied the modelling, modulation strategy
and control scheme for NPC-3L inverter fed dual three-phase
PMSM drives. The key is to deduce the VSD models of the
dual three-phase PMSM with asymmetric factors, and to
design the DT-SVM strategy for the NPC-3L inverter. Then
the control scheme is proposed for drives based on the VSD

models and the DT-SVM strategy. According to the control
scheme, the torque component is controlled in the d-g
subspace, and the unbalanced currents are suppressed to zero
in the x-y subspace by using the PRs control. The upper and
lower capacitor voltages in the DC link are balanced well
during various operation conditions by selecting an
appropriate balancing factor with the DT-SVM. Experiments
on a laboratory setup have been presented to demonstrate the
validity of the proposed control scheme for NPC-3L inverter
fed dual three-phase PMSM drives.
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