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Abstract

In this paper, a direct torque control algorithm with novel duty cycle-based modulation is proposed for permanent magnet
synchronous motor drives fed by neutral-point clamped three-level inverters. Compared with the standard DTC, the proposed
algorithm can suppress steady-state torque ripples as well as ensure neutral-point potential balance and smooth vector switching. A
unified torque/flux evaluation table with multiple voltage vectors and precise control levels is established and used in this method.
This table can be used to evaluate the effects of duty-cycle vectors on torque and flux directly, and the elements of the table are
independent of the motor parameters. Consequently, a high number of appropriate voltage vectors and their corresponding duty
cycles can be selected as candidate vectors to reduce torque ripples by looking up the table. Furthermore, small vectors are
incorporated into the table to ensure the neutral-point potential balance with the numerous candidate vectors. The feasibility and

effectiveness of the proposed algorithm are verified by both simulations and experiments.
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I. INTRODUCTION

The main advantages of permanent magnet synchronous
motor (PMSM) are their simple structure, good reliability, and
high power density. PMSMs are widely used in the fields of
rail traction and wind power generation [1], [2].
Neutral-point-clamped three-level inverters (3L-NPCs) have
been used in medium-power applications because these
inverters present low harmonic contents in the output voltage
and current and low stress on the semiconductors [3]-[5]. Thus,
PMSM drives fed by 3L-NPCs have broad application
prospects.

Direct torque control (DTC) is one of the main control
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algorithms for a PMSM drive fed by a three-level inverter
(3L-DTC). The merits of DTC include rapid torque response,
simple structure (DTC does not require complex coordinate
transformation and current regulation), and motor-parameter
independence [6], [7]. However, the standard 3L-DTC exhibits
large torque ripples due to two reasons. First, the standard
3L-DTC adopts the structure of hysteresis controllers and
switching tables, and only large and medium voltage vectors
are employed to control the torque and flux [8], [9]. Second,
constrained by the topology of the 3L-NPC, the output vector
selection should consider the neutral-point balance and smooth
vector switching [5], [10]. A neutral-point potential unbalance
causes low-order harmonics in the output voltage, and these
harmonics consequently lead to low-frequency torque
fluctuations. Unsmooth vector switching means a direct
“jump” between the positive and negative buses in a phase
voltage, reducing both the quality of the output voltage and the
accuracy of the control.

Numerous improved algorithms have been proposed in the
literature [8]-[16] to solve the problem of torque ripples in the

© 2017 KIPE
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standard 3L-DTC. These algorithms can be divided into single
vector-based DTC (SV-DTC), DTC with discrete space vector
modulation (DSVM-DTC), and duty -cycle-based DTC
(DC-DTC) according to the vector output mode. SV-DTC
improves torque control precision by merging small vectors
into a switching table and then suppressing the steady torque
ripples [12], [13]. In [12], the relationship between the stator
current ripples and the flux vector was analyzed when a motor
operates in the steady state. The results showed that the current
ripples were reduced by utilizing small vectors; thus, a novel
switching table that contains small vectors was established to
achieve minimum current ripples [12]. In [13], the
conventional torque hysteresis controller was improved as a
four-level torque controller by combining small vectors. This
3L-DTC algorithm can achieve torque ripple reduction and
constant switching frequency. DSVM-DTC employs several
virtual voltage vectors to control a motor. These vectors are
synthesized by a modulation technique, and they have fixed
direction and amplitude. In [8], each control period was
divided into 9 short intervals, and 12 virtual vectors with
constant amplitude were distributed uniformly in the
fixed-angle space and synthesized by adopting a single basic
vector in each interval. Similarly, 24 virtual vectors were
synthesized by space vector pulse width modulation (SVPWM)
in [14], and the stator flux sectors were subdivided into 24
regions. In each region, the torque ripples can be kept within a
narrow range by outputting a virtual vector on the basis of the
control errors of the torque and flux. DC-DTC employs several
basic voltage vectors in each control period. The duration of
these basic vectors are calculated in accordance with the
criterion of the minimum torque ripples [15], [16]. In [16], the
switching table and the torque hysteresis controller were
redesigned, and two voltage vectors were used to control the
motor. The first basic voltage vector was selected on the basis
of the switching table, and the second voltage vector was
generated using the predicted duty cycle based on the
mathematical model of the motor.

To achieve the neutral-point potential balance and smooth
vector switching of 3L-DTC on the premise of excellent torque
performance, SV-DTC adopts the intermediate vector method
[13], [8], whereas DSVM-DTC adopts the fixed synthesis
vector method [9], [14]. However, the corresponding method
for DC-DTC has not been discussed in the literature. The
intermediate vector method employs the adjacent medium
(large) vector instead of the original vector selected by the
switching table to avoid switching directly between large
(medium) vectors. This method measures the neutral-point
potential in real time, and the adjacent small vectors are used as
intermediate vectors to balance the neutral-point potential. This
method can degrade the performance of torque and increase the
complexity of vector selection given that the intermediate
vectors are different from the original output vectors selected
by the switching table. The fixed synthesis vector method
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Fig. 1. Main circuit of a 3L-NPC.
TABLE I
Sa STATES OF INSULATED GATE BIPOLAR TRANSISTORS (IGBTS)
AND VAN
Sa States of IGBTs Van
0 Sap and Sy, off; Sp; and S, on 0
1 SAZ and SA3 on; SAI and SA4 off Vdc/2
2 Saj and Sp, on; Spz and Sy off Ve

simultaneously utilizes the two different switching states of the
same small vector in each control period. The neutral-point
potential balance can be achieved using this method by
adjusting the switching time of the two switching states. This
method always employs the same zero vector at the start and
end of each control period considering the smooth vector
switching.

A novel duty cycle-based DTC algorithm is proposed in this
paper. In the proposed algorithm, a unified torque/flux
evaluation table for 3L-DTC is established. The control effects
of all the basic and virtual vectors on the torque and flux can be
evaluated directly with this table. Subsequently, the appropriate
vectors that can achieve smooth torque and flux control are
selected to control the PMSM. The control effects of the small
vectors have already been incorporated into the evaluation
table to ensure neutral-point potential balance and smooth
vector switching of 3L-NPC. Therefore, the neutral-point
potential balance can be achieved by utilizing the small vectors
directly instead of inserting an additional intermediate vector.
The smooth vector switching is attained by starting and ending
with the same zero vectors in each control period.

II. STANDARD 3L- DTC

A. Model of a 3L-NPC

A schematic of a typical PMSM drive fed by a 3L-NPC is
presented in Fig. 1, where i denotes the neutral-point current;
ia, i, and ic denote the three-phase currents of the PMSM; and
V4. denotes the DC-link voltage.

The switching function S; (jE{A, B, C}) is introduced to
describe the states of the four switching devices of each phase.
For example, for phase A, the values of S, and the voltage Vay
are listed in Table I.
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Fig. 2. Voltage vectors of 3L-NPC.

The switching state of each voltage vector can be
represented by S,SpSc. A total of 27 switching states
correspond to 19 basic vectors, as shown in Fig. 2. These basic
vectors can be divided into zero vectors (ZV, V}), large vectors
(LV, V-Vy), small vectors (SV, V,—V,), and medium vectors
MV, Vi3-Vig), whose amplitudes are 0, (2/3)Vy., (1/3)Vy., and
(1//3 YWy, respectively.

B.  Basic Principles of PMSM-DTC

The x—y rotating coordinate system is established in Fig. 2,
where the stator flux vector ¥ is oriented and aligned on the
x-axis, and 6 is the phase angle of W, The stator voltage
equation of the PMSM in the x—y rotating coordinate system
can be expressed as follows [17]:

Vn,y:Rsiy+ws|Ws|
1
. d M

Vn,x = Rgiy +a|qls|

where n = 0, 1, . . ., 18 denotes the numbers of the voltage
vectors; V,x and V,,, are the projections on the x-axis and y-axis
of V,, respectively; i and i, are the projections on the x-axis
and y-axis of I, respectively; and |¥|, w,, and R; are the stator
flux amplitude, electrical angular velocity, and stator resistance,
respectively.
The torque change rate of the PMSM can be expressed as
iTe _3p |7
dr 2Lqu

[‘//qu cosd — ‘Y’S‘(Lq - Ld)COS25j|%

2)
where p, Ly, Lg, and w; denote the pole pair number, direct
stator inductance, quadrature stator inductance, and permanent
magnet flux, respectively; and J is the displacement angle
between the stator and permanent magnet flux linkage. The
change rate of J is given by

ds d(6,-6,)

@
where 6, and w, are the rotor position and rotor electrical

=0, — o, 3)

TABLE II
SWITCHING TABLE OF A STANDARD 3L-DTC

Stator Flux Sectors, /g

Cy | Cr
123456789 ]|10]11]12

T Vo | Via| Va [ Vis| Va | Vie| Vs | Vir| Ve | Vis| Va | Vis
1| Vs |Vis| Vi | Vis| Va | Via| Va | Vis| Vi | Vie| Vs | Vin

+1

1| V3| Vis| Vi | Vie| Vs [Vir| Ve | Vis| Vi | Via| Va2 | Vis
-1 Vs [ Viz| Ve | Vis| Vi | Via| V2 | Via| V3 | Vis| Va | Vie

-1

Note: Cy, Cr, and hy represent the torque hysteresis output, flux hysteresis
output, and sector number of stator flux; +1/—1 represents increases/decreases in
the torque and flux.

angular velocity, respectively.

When the voltage drop of the stator resistance is disregarded,
the relationships between the stator voltage and the change
rates of the torque and flux can be derived as follows in
accordance with Equs. (1)-(3):

d
T, =K (Vg — o0 | 4))
d "
AR
de SbomX ’
where
3
K= ﬁ[V/qucosﬁ ||y - Loeos28]- (5)

According to Equ. (4), the change rates of the torque and
flux of the PMSM are related to the y-axis and x-axis
components of voltage vectors, respectively.

Based on the above analysis, the switching table of the
standard DTC is as presented in Table II [8].

C. Neutral-Point Potential of 3L-DTC

The neutral-point current, ip, may not be zero under the
effects of SVs and MVs; as a result, the neutral-point potential
changes. The variations in Vg in a control period can be
expressed as follows [3]:

ia
o=[Isa-1l Iss-1l [sc-1]in)s  ©
2C .
Ic
where C represents the capacitance of each capacitor. The
effect of each SV and MV on Vj is only related to a certain
phase current considering iz tig+ic=0. The effects of SVs and
MVs are listed in Table III, where the shaded parts represent
the MVs, “1” indicates an increase, and “y” indicates a
decrease.

Table III shows that the MVs can render ¥, uncontrollable,
and the SVs correspond to two switching states with different
effects on V,. Therefore, the stable control of ¥V, can be
realized by selecting the appropriate switching state of SV that

allows ¥, to change to zero.
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Fig. 3. Block diagram of the proposed algorithm.

TABLE III
RELATIONSHIP BETWEEN THE NEUTRAL-POINT POTENTIAL AND
VOLTAGE VECTORS

iasc(+/7) Vo ¥ Vo 1

- V5 (100),V,(122) | V5 (211),V,4(011)
iA(1) V14(120),V,7(102)

o V; (211),V0(011) | ¥ (100),V;4(122)
ia(-) V14(120),V17(102)
" Vy (010),V15(212) | ¥, (121),F15(101)
B | 17,(210),114(012)

o Vo (121),V15(101) | ¥ (010),V12(212)
ig(7) V15(210),V14(012)
- Vs (221),11,(001) | V5 (110),F;,(112)
() | p5(021),114(201)

o Vs (110),V1,(112) | V5 (221),V;,(001)
ic(7) V15(021),V15(201)

III. 3L-DTC-BASED EVALUATION TABLE

The proposed algorithm is established in this section. Its
block diagram is shown in Fig. 3. It mainly consists of
torque/flux control, neutral-point control, and smooth vector
switching.

A. Torque/Flux Control

1) Evaluation Function of Torque/Flux: The 18 basic active
vectors in 3L-NPC are expanded to infinite virtual vectors
with adjustable magnitudes in their original direction by duty
cycle modulation to increase the control precision and
suppress the torque ripples. The uniform expression of these
vectors can be expressed as follows:

%Vdcdnejgn n=12,..6

1 .
ngcdneJe" ,n=17.38,..,12

n (dn )= (7)

L yd el n=1314,.,18

V3

where 6, represents the displacement angle between ¥V, and the
o-axis, d, represents the duty cycle of basic vector V,, and

d,€(0, 1].
The torque evaluation function, 7, and flux evaluation
function, A,, with the variations d, and 6, are defined as follows:

dnsin(ﬁn—as), n=12,..6
Vg (d,.0 1.

Tn(dn,as)wz Earnsm(an—es), n=7.8.,12  ,(8)
?dnsin(ﬁn—ﬁs), n=13,14,...,18
d,cos(6,-6;), n=1.2,..,6

v (d..6, 1

ﬂn(dn,es)=’M= Ed,,cos(ern—es), n=178,.,12 .9

?dncos(ﬁn—ﬁs), n=13,14,..,18

In accordance with Equs. (4), (8), and (9), the change rates
of T, and ||| can be rearranged as follows:

d 2V K
W= [l =]
, (10)
d 2V
a‘qls‘: 3dc}”n(dm9s)
where
a)r‘ﬂ"s‘
= . 11
ECE (b

The following expression can be obtained by simplifying Equ.
(10):

d

ETe x7,(d,.0)—e

q (12)
E\Y’s\ o« 2,(d,.6;)

The values of 7,(d,, 6;)—e and 4,d,, ;) for each voltage
vector are proportional to the change rates of the torque and
flux, respectively. Thus, the torque and flux control effects of
each voltage vector can be reflected by the evaluation functions
7,and A,
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TABLE IV
EVALUATION FUNCTIONS OF 3L-NPC VECTORS
Vector No. Tu(d,, 05) Au(dy, 65)
Vi dysin(=0s) dicos(—65)
V, dysin(m/3-65) dycos(m/3-065)
Ly V; dssin(2m/3-6;) dscos(2m/3-6;)
| dssin(n—6) dscos(n—065)
Vs dssin(4m/3-6;) dscos(4m/3-06;)
Vs desin(51/3-65) dscos(5m/3-05)
v, (1/2) dysin(-6y) (1/2) drcos(~05)
Vi (1/2) dgsin(m/3-065) (1/2) dscos(n/3-65)
sV Vo | (1/2) dosin2n/3-65) | (1/2) docos(2m/3-65)
V][] (1/2) d]oSil’l(TE_es) (1/2) d]()COS(T[_Hs)
Vi (1/2) dyisin(4n/3-65) | (1/2) dyiicos(4m/3-65)
Via | (1/2) diasin(5n/3-65) | (1/2) diacos(5m/3-65)
Vis | (V3 /2) dissin(n/6-6y) | (N3 /2) discos(n/6-65)
Vie | (V3 /2) dusin(n/2-0) | (\/3 /2) duacos(n/2-6,)
. Vis |(\3 /2) dyssin(51/6-6,) |(\3 /2) discos(51/6-65)
Vis (V3 /2) digsin(7n/6-6,) |(N3 /2) diecos(Tn/6-65)
Vi (33 /2) dysin(3/2-0))| (N3 /2) dyrcos(3n/2-6,)
Vis (V3 /2) dissin(11n/6-0,) |(V/3 /2) discos(112/6-0y)

Fig. 4. 3D diagram of the torque evaluation of V; with duty cycle.

The evaluation functions of all vectors are listed in Table IV.
On the assumption that the values of d, and 6, are fixed, the
relationships among the torque evaluation values and flux

evaluation values of V,(d,) can be summarized as follows:

Corollary 1: The evaluation function values of the LVs are
twice as high as those of the SVs in the same direction. For
example, for Vi and V;, 7(d,0,)=27:(d7,65) and A,(d,,05)=

221(d7,05).

Corollary 2: The evaluation function values of the MVs are
equal to those of their adjacent LVs. For example, for ¥} and

Vs, 7i(d,0)=2/ N3 113(dy5,05+1/6) and

Mi(d,00)=2/ 3 d(dy3,0:+1/6).

Corollary 3: The relationships among the evaluation functions
of the six LVs (SVs or MVs) can be derived as follows:
(d1,05)=t,[d,, OHn—1)n/3] and A(d,,60)=A[d,, O+(n—1)m/3],
where n=2, 3,..., 6.

Corollary 4: The relationship between 7, and 4, is 7,(d,,

0)=2,(d,, Ostm/2).

The formulas in Table IV suggest that 7, and 4, are
determined by the duty cycle, d,, and stator flux angle, ;. For
7, for example, the 3D diagram whose horizontal axis is d; and
vertical axis is 6 is shown in Fig. 4. The solid lines on the
bottom surface are the isograms connecting the points with the
same value of 7;.

2) Unified Torque/Flux Evaluation Table: An offline unified
torque/flux evaluation table is required to simplify the
calculation process and reflect the control effects of the
voltage vectors directly. The procedure for constructing this
table is as follows: first, the value of d, from 0 to 1 is equally
divided into Ny pieces; thus, the basic vectors are expanded to
18 basic vectors and 18x(Ng—1) virtual vectors in their
original directions. The a—f voltage complex plane is split
into equal N, regions. Second, the average evaluation values
of the vectors are calculated when the stator flux is located in
different regions. The average torque evaluation value

7, and flux evaluation value A, can be respectively

calculated by
wn(lg.lg) = j o (]lvd 0, jd& , (13)
Ne d
n(Igly) = j (ldd,asjdes, (14)

71 1)
Ne

where /; and /ydenote the numbers of duty cycles and sectors,
respectively; Ny is a natural number; and Nyis a multiple value
of 12. The parameters /4 and /, are defined as

l
dy=-%,1,=1,2, ..., Ny» 15
n =yl d (15)
1 6;>(2Ng—1)m/Nyor 6 <m/N
2 Ny <6, <3m/N,
=12 MNo<bs3n/N, , 0<0,<2m.
Ne (2Ne-3)7T/N9<HSS(zNe—l)TE/Ne
(16)

Then, 7, (lg,l) and Zn(l4,ly) can be expanded R times
and rounded as

Paz (la-lo) = round| R 7 (I, ly) |- (17)

Pus. (la>lg) = round| R- 7 (I, lg) | (18)
where round[] represents the rounding of the number to the
nearest integer and R can be selected as

R= M

2n

Ly
max % oo Moo g la_ g a0,
T (1) \ Vg
Ny Ny

(19)

In Equ. (19), M is a natural number, and the selection of R can
ensure that ;n (ld,le) and En (ld,le) are within the range of
—M to M.
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TABLE V
TORQUE EVALUATION TABLE OF V; WITH DUTY CYCLE

Iy
56 7 8 9101112
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TABLE VI

TORQUE EVALUATION TABLE OF V; WITH DUTY CYCLE

0.5% b

3456 789101112

TABLE VII
TORQUE EVALUATION TABLE OF V3 WITH DUTY CYCLE
;EP

f3/2)%

0.2

042
14Ny 0.6/3

0.8 4

101112
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On the basis of Equs. (12)-(18), the relationships between
the change rates of torque/flux and

Pz (la-lg) ! Py (Ig.1y) can be expressed as

%Te ~ avg(%Tej o ppo(lg.lg) - Re
(20)

d d
5|¥’S| ~ avg(aly’sl) < pup(lg-lo)

On the basis of Equs. (13)-(18), the control effects of the
vectors on the torque and flux can be subdivided into 2M+1
evaluation levels by averaging and discretization. For p, . for
example, Fig. 4 can be simplified as Table V with M=10, Ng&=5,
and Ny=12. The shade gradually changes from light to dark,
indicating the gradual decline in p, . (/, /p). The same method
can be used to obtain p;, (l4, lp) and py3. (Iy, lp), as shown in
Tables VI and VII, respectively. Vectors V), V5, and Vi3
represent LVs, SVs, and MVs, respectively.

Tables V, VI, and VII present the following relationships:
first, according to Corollary 1, the evaluation values of V)
are twice those of V5; thus, Table VI coincides with Table V
if expanded twice. Second, according to Corollary 2, the

evaluation values of V)3 are equal to ¥; when 6,+1/6 and then

the evaluation values are multiplied 2/ V3 times. Thus, Table
VII coincides with Table V by moving the row headers three
cells to the left and expanding the values 2/ V3 times.

TABLE VIII
UNIFIED TORQUE/FLUX EVALUATION TABLE (Ng=5, M=10, AND
Ne=12)
Praal-2) Pisad2) pud-2)
ly
89 101112 1§213 45
MV 6/7/ 8 9101112 1§23
{\.G,Q)x T S S By e
_ iz 456 78 9101112 1
v 78 9101112 152 34 3
S\ sle 7 8910112 112 £
0.5 T W A Bt | it | B B
v, | 3456 7 8 9101112
A 7/8 9101112 152 304
LV 5067 8 910112 1]2
5 le
3 - 234302 7
1N, 5| - 53 %
1 H
| -9 el |
V, 56 1*203
LV ¥ 67 8 910112 1i2 34 5
Vs 8 9101112 1§12 3i4 56 7
v Y 4567 8 910112 1i2 3
0‘(’5_\ Vi 67 8 910112 1i2 34 5 =
’ Vo 8 9101112 112 314 516 7 %
Vs 5.6 7 8 9101112 1i2:3 4
MV 1 1 peeady et
V7T 8 910111215283 415 6
W3/2)= Bl ol =l | Bl
_ Vis 9101112 1§23 4§5 617 8
Lo
P|<_Jl'.-3] maal-2) mas-.2)

Similarly, the torque/flux evaluation table of the 18 basic
vectors and 18x(Ny—1) virtual vectors coincide with Table V
by translation and scaling. Subsequently, a unified
torque/flux table similar to Table VIII can be obtained. This
table includes the torque/flux evaluation values of the nine
basic vectors and their corresponding virtual vectors. The
remaining nine active vectors are located in the opposite
directions of the vectors in Table VIII; thus, their evaluation
values can be obtained by reversing the values in Table VIII.
The shaded area in Table VIII corresponds to the evaluation
values.

On the assumption that the stator flux is located in region /,

the values of all the vectors with different duty cycles can be
obtained by looking up Table VIII. For example, V5(d;;) can
increase the flux modulus when the stator flux is located in
region 2, and the flux evaluation value is 8X(\/§ /2)=4\/§
when the duty cycle is 0.8 (/[;=4). By contrast vector Vi4(dis)
can reduce the flux modulus, which has an opposite direction
compared with Vi;3(d;;). Therefore, its flux evaluation value is
-8%(~f3 /2)=—4/~/3 with the same duty cycle.
3) Torque/Flux Reference Value Calculation: The torque and
flux reference values can be calculated on the basis of their
tracking errors. With Equ. (20) as basis, the torque and flux
reference values can be expressed as follows:
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p* (Zd,le)z ATé + Re
n,t KT
* Alw| Q1)
p,, (aly)=——
¥

where Krand Ky are the control parameters of torque and flux,
respectively, and Ky, Kg>0. Excessively high or
inappropriately low Krand Ky can lead to the control failure of
torque and flux. The tuning methods for Krand Ky are detailed
in Section IV-B.

The selection of the candidate vectors is as follows: first, the
evaluation values of all the vectors with different duty cycles
should be obtained by looking up Table VIII because their
effects on torque and flux differ. Second, the values need to be
substituted into the cost function f.

fZST 5 (22)

Pui (lasly) = P (laslo)

p:;,‘c (ld Je ) ~ Pnx (ld ,le )‘ +éy
where p, (Ig.ly) and py; (Ig.lp) can be determined by

Equ. (21) and er and &y are the weight factors, which are
non-negative dimensionless coefficients. The values of &r and
&y decide the significance of torque and flux in the control
process, respectively. For example, when the ratio of the
weight factors eriey is 2:1, the significance of the torque
control is twice that of the flux control. Both ¢r and &y are
tuned on the basis of the actual control requirement. In this
study, the ratio of weight the factors er:ey is 1:1.

The cost function should be calculated 18xN; times in each
control period. The vectors that minimize f are selected as the
candidate vectors, which are denoted by Veuna(deana) { Vai(d n1),
V,2(d,), ... }. The candidate vectors are not unique, thereby
allowing for neutral-point potential control.

B. Neutral-Point Control

Multiple candidate vectors can be identified for torque and
flux control, but these vectors have different effects on the
neutral-point potential. The balance of the neutral-point
potential and the optimal control of torque and flux can be
realized simultaneously by selecting the vector that changes the
neutral-point potential to zero.

The situations of the candidate vectors can be divided into
the following three categories according to the number of the
candidate vectors:

(1) One candidate vector. Obviously, this candidate vector will
be selected as the output vector. In this situation, the
neutral-point potential can be controlled if the optimum vector
is an SV. The corresponding switching state of the SV that can
balance the neutral-point potential will likewise be selected.
However, the neutral-point potential cannot be controlled if the
candidate vector is an LV or an MV.

(2) Two candidate vectors. If an SV is included in the
candidate vectors, then the SV will be selected as the output
vector. If the two candidate vectors are an LV and an MV, then
the MV should be selected as the output vector if it allows the
neutral-point potential to change to zero; otherwise, the LV
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TABLE IX
RATED PARAMETERS OF THE PMSM
Parameter Symbol | Unit Value
Number of pole pairs P — 8

Permanent magnet flux W Wb 0.9031

Stator resistance R, Q 0.76

d-Axis inductance Ly mH 13.0

g-Axis inductance L, mH 13.0

Rated speed ny r/min 300

Rated torque N Nm 192

Rated voltage Un v 380

will be selected as the output vector.

(3) Three or more candidate vectors. In this situation, the
output vector should be selected in the following order: SV,
MYV that can change the neutral-point potential to zero, and LV.

C. Smooth Vector Switching

After the output vector V. and its duty cycle d,,; have been
determined, a PWM modulator is used for duty cycle
generation and smooth vector switching by inserting ¥, whose
vector state is 111, at both the beginning and end of the output
vector.

When the motor operates in the steady state, several
consecutive vectors with unity duty cycle cause large torque
and flux ripples and a “high voltage jump” in a bridge arm. For
this reason, the values of K; and Ky should be selected
appropriately to ensure that the duty cycle of the output vector
is less than 1.0.

IV. SIMULATION ANALYSIS

The performance of the proposed method is analyzed using
MATLAB/Simulink. The parameters of the PMSM are shown
in Table IX. The torque and flux ripples are evaluated in terms
of their standard deviations or and oy, respectively. These
standard deviations are expressed as follows:

(23)

where 7 is the number of samples.

A. Influences of M and Ny

Fig. 5 shows the o1, oy, and the deviation of the
neutral-point potential (AVy) of the proposed approach with
M=3,4, ...,10 and Ns=2, 3, ..., 10. In the simulation, the speed
reference is #,=150r/min, the load torque is 7;=100Nm, and
Ny=12. As shown in Figs. 5(a)-(c), as M and Ny increase, the
undesired torque and flux ripples and neutral-point potential
deviation decrease. This outcome is attributed to the accuracy
of the effects of the vectors on PMSM described by the
evaluation table when M and Ny increase continually.
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Fig. 5. Simulation results of the proposed approach with different M and Ny values. (a) Standard deviation of torque, or. (b) Standard

deviation of flux, oy. (¢) Deviation of the neutral-point potential, AV,
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Fig. 6. Simulation results of the proposed approach with different K1 and Ky Values. (a) Standard deviation of torque, or. (b) Standard

deviation of flux, oy. (c) Deviation of the neutral-point potential, AV

Furthermore, more SVs with different duty cycles can be
selected to balance the neutral-point potential. However, the
storage space occupied by the evaluation table in the digital
controller increases with increasing M and Ny. Thus, the values
of M and Ny should be set by considering both the storage
space and the system performance. In the following simulation
and experiments, M=10 and N;~10.

B. Influences of Kt and Ky

On the basis of Equ. (21), the appropriate K; and Ky are
analyzed as follows:

(1) If Ky, Ky—0, then pZ’T and p:;;L are greater than M or

smaller than —M. In this situation, p:;T and PZ,X are

selected as their maximum or minimum values in the
evaluation table. As a result, undesired torque and flux ripples
occur in the steady state. Moreover, the deviation of the
neutral-point potential becomes large because the SVs in the
evaluation table are not selected.

2) If Ky, Ky—oo, then P:,r and p:,k are approximate to

zero. In this situation, only the SVs are selected as the
candidate vectors, and the feedback of torque and that of flux

do not influence p:’T and p:;;L , respectively. As a result,

tracking errors and large ripples of torque and flux are yielded.
However, the neutral-point potential is nearly balanced.

(3) If T, and |¥ track their references, AT,, A|¥,, and AV,
oscillate in the vicinity of zero. The control parameters K and
Ky are tuned as follows, with Ky as an example. The maximum
torque ripple is assumed to be d17y in the steady state, where oy

>0 and Ty is the rated torque. When AT, =+6:Ty, Kt should
ensure that p:’T —~Re=~+M, then the proper value of Ky is

_orly

Ky =T (24)
In the same way, proper Ky can be approximately set to
Oy
Ky = 2001 (25)

where gy is the maximum flux ripple in the steady state.

Fig. 6 shows the simulated or, oy, and AV, values with
different K and Ky values. In the simulation, AM=10, N=10,
n,=150r/min, 7;=100Nm, and Ny=12. As Jr increases from 2%
to 20% and Jdy increases from 1% to 12%, Kr increases from
0.38 to 3.84, and Ky increases from 0.001 to 0.011. As shown
in Fig. 6(a), an increase in Kr results in an L-shaped
relationship between or and K, whereas an increase in Ky
cannot cause a significant variation in or. The same trend is
observed for oy, as shown in Fig. 6(b). As shown in Fig. 6(c),
an L-shaped relationship between AV, and Ki/Ky is likewise
observed. However, AV, monotonically decreases as Ky and
Ky increase. When K7 and Ky are tuned, the or and oy in the
corner of the L-shaped surface of Fig. 6(a) can be selected,
respectively. In this paper, K1=0.69 and Ky=0.0028 (Kt and Ky
are rounded to two significant figures).

V. EXPERIMENTAL RESULTS

The feasibility and effectiveness of the proposed algorithm
are verified through experiments on the standard DTC [8] and
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Fig. 7. Experimental waveforms of the speed, torque, stator current,
deviation of the neutral-point potential, and flux a—f components
of (a) the standard DTC and (b) the proposed algorithm. (c) Stator
phase voltage.

TABLE X

COMPARISON OF THE DYNAMIC EXPERIMENTAL RESULTS OF THE
STANDARD DTC AND THE PROPOSED ALGORITHM

Dynamic performance
Item Ty (us
®) Ty [oms) [ o™
Standard DTC 80 3.8 160 10
DTC with duty cycle 200 3.7 115 10

the proposed algorithm are conducted. The parameters of the
PMSM are listed in Table IX. The following experimental
conditions are applied: |¥)'=0.9Wb, M=10, Ns=10, Ny=12,
K7=0.69, Ky=0.0028, er:e4=1:1. The flux and torque hysteresis
bands of the standard DTC are set to 0.021y; and 0.0267y in
our experiments, respectively. Table II is used as the switching
table.

A. Dynamic Performance

Fig. 7 shows the waveforms of the speed, electromagnetic
torque, stator current, deviation of the neutral-point potential,
and a—f components of the stator flux linkage of both methods
when the speed reference, n,, is increased from 50r/min to
150r/min and the load torque 7} is SONm. A comparison of the
results of the standard DTC and proposed algorithm in the
dynamic experiments is presented in Table X. As shown, the
torque response time of both methods are nearly equal,
indicating that the proposed algorithm inherits the advantage of
rapid dynamic torque response of the standard DTC. The
deviations of the neutral-point potentials of both methods are
equal, suggesting that the proposed method can also balance
the neutral-point potential when the motor is dynamic. The
speed response time, #,, of the proposed algorithm is 35ms
shorter than that of the standard DTC. This result is because the
torque of the algorithm is smooth and the motor is operating
smoothly.

The smooth vector switching of the proposed algorithm is
likewise verified. Fig. 7(c) shows the experimental waveforms
of the stator phase voltage. As shown, in the phase voltage u,,
a switching function with a voltage level of 1 is inserted to
prevent the voltage level from jumping from 0 to 2. The jump
in the voltage level from 0 to 2 does not occur under the
dynamic condition. The voltage level of the switching function
changes as follows: 2—1, 152, 0—1, or 1-0.

B. Steady-State Performance

Fig. 8 shows the waveforms of the stator flux modulus,
electromagnetic torque, deviation of the neutral-point potential,
and stator current of the standard DTC and proposed algorithm
in the steady state, with n, being 100r/min and 7} being 100Nm.
A comparison of the results of the standard DTC and the
proposed algorithm is presented in Table XI. The control
periods are 80ps and 200us for the standard DTC and
proposed algorithm, respectively, to ensure that the switching
frequencies of both methods are approximately equal. As
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TABLE XI
COMPARISON OF THE RESULTS OF THE COMPARED METHODS IN THE STEADY-STATE EXPERIMENT
T:=100Nm and T:=50Nm and T1=50Nm and
Ttem T (1) |fo (KFZ) n,=100r/min n,=50r/min n~=150r/min
or (Nm)|oy (Wb)| Vo (V) |or (Nm) [ow (Wb) | Vo (V) |or (Nm) | oy (WD) | Vo (V)
Standard DTC 80 2.23 21.06 | 0.018 23.37 0.024 +5 21.19 0.022 +5
DTC with duty cycle 200 1.98 6.63 0.024 8.07 0.029 +4 9.81 0.031 +6

R \\A AAAAVAAAMAAAAAAAS

1%
(0.05Wb/div)

ay=0.0175Wb oy = 0.0244Wb
< E ”"’m WNEVRP R WR PR
~ or=21.064Nm ar = 6.63Nm

it

Time (160ms/div)

!

(5Vidiv)

(5A/div)

Time (160ms/div)

(b)

[20ms/div]

I \r'l! n” C
(250V/div)

©

Fig. 8. Experimental waveforms of the stator flux modulus, torque,
deviation of the neutral-point potential, and stator current of (a) the
proposed algorithm and (b) the standard DTC. (c) Stator phase
voltage.

shown in Table XI, the torque standard deviation ot of the
proposed algorithm is remarkably reduced compared with
that of the standard DTC. Thus, the torque control
performance of the proposed algorithm is considerably better
than that of the standard DTC. The proposed algorithm exerts
the same control effects on the neutral-point potential as
those of the standard DTC. Additionally, the deviations of the
neutral-point potential are small.

The smooth vector switching of the proposed algorithm is
also verified in the steady state. Fig. 8(c) shows the
experimental waveforms of the stator phase voltage. As shown
in Fig. 8(c), the jump in the voltage level from 0 to 2 does not
occur under the steady-state condition. The voltage level of the
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Fig. 9. Experimental waveforms of the stator flux modulus, torque,
and deviation of the neutral-point potential with (a) M=10 and
Ng=10; (b) M =7 and N&=T7; (c) M=5; Ng=5.

time(160ms/div)

switching function changes as follows: 2—1, 152, 0—1, or
1—0.

C. Influences of M and Ny

Fig. 9 shows the waveforms of the stator flux modulus,
electromagnetic torque, and deviation of the neutral-point
potential of the proposed algorithm with different M and Ny
values. The fluctuations in the torque, flux, and deviation of the
neutral-point potential are reduced with increases in M and Ny.
The experimental results are in accordance with the simulation
results in Section IV-A.

D. Influences of Kt and Ky

Fig. 10 shows the waveforms of the stator flux modulus,
electromagnetic torque, and deviation of the neutral-point
potential of the proposed algorithm with different K1 and Ky
values. The torque and flux ripples increase when the Kr and
Ky are inappropriately selected.

However, the control of the neutral-point potential improves
with relatively large Krand Ky. The experimental results are in
accordance with the simulation results in Section IV-B.

E. Influence of er:ey

Fig. 11 shows a tradeoff exists between torque control and
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Fig. 11. Experimental waveforms of the stator flux modulus and
torque with (a) ep:eg=1:1; (b) e:69=2:1; (c) e:e9=1:2.

flux control. The control effects of the output vector on the
torque and flux can be enhanced by increasing the values of er
and &y, respectively.

VI. CONCLUSIONS

In this paper, a novel duty-cycle modulation-based DTC
algorithm has been proposed for 3L-NPC-fed PMSM drives.
The experimental results indicate that the proposed algorithm
inherits the rapid dynamic torque response of the standard DTC
algorithm. Furthermore, the torque ripples in the steady state
are reduced -effectively, and both neutral-point potential
balance and smooth vector switching are ensured. The
outstanding characteristics of the proposed algorithm are
summarized as follows:

1) The unified torque/flux evaluation table with multiple
voltage vectors and precise control levels is an effective
extension of the standard DTC switching table of a
3L-NPC. It contains 18 basic voltage vectors and
18x(Ng—1) virtual voltage vectors with fixed direction

and amplitude. These vectors are synthesized using the
PWM principle. The effects of all of these vectors on
torque and flux are divided into 2M+1 levels, and these
effects are independent of the parameters of the motor.
Therefore, the unified torque/flux evaluation table is
universal for the DTC of different power levels. The
values in the table represent the torque and flux change
rates caused by the 18x/N; vectors.

2)  The candidate vectors are selected on the basis of the cost
function. The cost function is used to evaluate the effects
of the 18xN; voltage vectors on the torque and flux. The
candidate vectors that minimize the cost function are
selected. Several candidate vectors with the same cost
function value can be selected on the basis of the
operating conditions. Therefore, the effects of these
vectors on the torque and flux of the motor are the same.

3) The mechanism for the neutral-point potential balance is
established. A vector is selected from the candidate
vectors to control the motor depending on the demand to
increase or decrease the neutral-point potential. Thus, the
selected vector not only allows for torque and flux
control but also neutral-point potential balance.
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