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Abstract— A novel direct torque control (DTC)
strategy utilizing obligation cycle optimization is
proposed for matrix converter(MC)-predicated
sempiternal-magnet synchronous motor
(PMSM)drive system, which is characterized by low
torque ripples, no desideratum for rotational
coordinate transformation, and fine-tuned switching
frequency. Analytical expressions of change rates of
torque and flux of PMSM as a function of MC
voltage vectors are derived. An enhanced switching
table is established by betokens of discretization and
averaging, in which changes of torque and flux
caused by voltage vectors are shown explicitly. Then,
the proposed MC-victualed DTC algorithm is
implemented predicated on the table. Numerical
simulation and experiments with a prototype are
carried out. Both simulation and experimental results
demonstrate that remarkable torque ripple reduction,
more than 30%, has been achieved. As a result, the
proposed strategy is proved to be efficacious in
reducing torque ripples for MC-predicated PMSM
drives.

Key words—Direct torque control (DTC), matrix
converter(MC), permanent-magnet  synchronous
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l. INTRODUCTION
Matrix converters (MCs) are a kind of compact ac-ac

converters without an intermediate dc link. It is
magnetizing extensive attention due to their
advantages such as high power density, sinusoidal
input/output currents, and controllable input power
factor [1]. Recently, research works on commutation
technology [2], operation stability [3], and
control/modulation strategy [4]-[18] of MCs have
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been widely reported. Driven by the achievements of
these research works, MCs have been increasingly
applied in many industrial fields, such as elevators,
wind power generation, and mechanical manufacture
[19].A substantial amount of research fixating on
control and modulation strategies of MCs, developed
up to now, can be divided into scalar techniques,
pulse width modulation (PWM), predictive control,
and direct torque control (DTC) [4]..DTC was
introduced into voltage source inverter (VSI)-
victualed induction machines.

Il. STANDARD MC-DTC

A. MCs

A typical three-phase to three-phase MC with nine
bidirectional switches is shown in Fig. 1. The
relationship between the input and output voltage and
current of MC can be expressed as
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Fig. 1. Simplified circuit of a three-phase to three-
phase MC.



ISSN 2347 - 3983

International Journal of Emerging Trends in Engineering Research (IJETER), Vol. 3 No.6, Pages : 380 - 386 (2015)
Special Issue of NCTET 2K15 - Held on June 13, 2015 in SV College of Engineering, Tirupati

http://warse.org/IJETER/static/pdf/Issue/NCTET2015sp71.pdf

ia SAa(t) SBa(t) SCa(t) iA
i = [ib] = [sAb ®) ser(t) sep (t)‘ [is] =M".i5(2)
2 Sac(®)  spc(t)  scc(0) | Lic

where spq(t) is the state of switch Spq, p € {A,B,C},
q €{a, b, c}, and MT is the transpose of transfer
matrix M. Considering the open and short circuit
requirement of MC,27 switching states can be used
for modulation, among which21 can be employed in
the DTC algorithm, as presented in Table 1. The first
18 switching states (x1 ~ +9), which are
denominated “active vectors,” engender vectors of
output voltage and input current with fine-tuned
direction. The rest (0a ~ Oc), which are designated
“zero vectors,” engender zero output voltage and
input current vectors. All the active output voltage
vectors and input current vectors of MC, respectively.
B. Standard MC-DTC

Generally, VSI-DTC employs one switching state
from the VSI switching table during one sampling
period to increment or decrease motor torque or flux
[20]. The output voltage vectors of MC have the
same direction as those distributed by a VSI (V1-V
6), as shown in Fig. 2. Hence, MC-DTC predicated
on VSI-DTC can adjust the input power factor on the
grid side and torque and flux on the motor side
concurrently, by denotes of the second cull of
switching states.

The standard MC-DTC, like VSI-DTC, still employs
only one switching state throughout the whole
sampling period, which will cause undesired torque

ripple.

Sector
selector

Fig. 2. Standard MC-DTC block diagram.

Encoder
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IIl. ANALYSIS OF TORQUE AND FLUX
VARIATIONS
A. Torque and Flux Equations of PMSM

The stator voltage equation of PMSM in the stator
flux x-y rotating coordinate is where vs = [vx vy]T,
Ws = [Px Py]T, is = [ix iy]T, ws, and Rs are the
stator voltage vector, stator flux vector, stator current
vector, stator flux angular velocity, and stator
resistance ,respectively.

TABLE |
VSI SWITCHING TABLE

Stator Flux Sectors by

Oy o1

o & B @ 6 @

+1 [ Ky Vi Vs Vs Ky

1 0 2 Vy ¥ y 2 Fy

1 Ve 1 V2 ] Fa Vs

+1 Vi Vy Vs e A V2

= 0 Vo 1] Vo ¥ Fa Va
L | ¥ & | Fa Ky

The stator flux vector is oriented and aligned on the
X-axis; hence, (3) can be derived as

. d
Ux =Rslx+z|lys| (3)
Uy = Rsiy + wsllPsl (4)

Where |Ws| is the amplitude of the stator flux vector.
With the voltage drop of stator resistance neglected,
(4) can be simplified as follows:
The electromagnetic torque of PMSM is expressed as
[27]
— 3pl%sl
€ aLglg

[295L, sins — ¥ (L, — Ly)sin26] (5)

Where ¢ is the displacement angle between the stator
and permanent-magnet flux linkage, wf is the
permanent-magnet flux, Ld and Lq are the direct and
quadrature stator inductances, respectively, and p is
the number of pole pairs .From (7), the change rate of
torque can be derived as

d
_T=
at €

S5
[$rL, cosb — [¥|(L, — Ly)cos26] % (6)

3p|¥sl
2Lglq

ds d(6s—6.
40 _ A=t _
dt dt

()

The derivative of ¢ is given by
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da

zTe = K(‘Uy - wrllPsl) (8)

Where s and 6r are the stator and rotor positions,
respectively, and cwr is the rotor electrical angular
velocity. From (6), (8), and (9), the change rate of

torque can be derived as
2

Viiy = —————= 2/\/3V,, cos(a; + %) cos 64(9)

3vgp cos(—65)

2 = —2/+/3V,, cos(a; + g) sin 6,(10)

174 ==
1Y 7 3y, sin(-0y)

where K = (3p/2LdLq)[yfLgcos 6 — |¥s|(Lg — Ld)
cos 2¢].According to (5) and (10), it can be noticed
that the change rates of flux and torque of PMSMs
are related to the x-axis and y-axis components of the
stator voltage vector, respectively.

B. Evaluation Function of Torque and Flux
Each output voltage wvector of MCs can be
decomposed into x and y components. Take the +1
switching state as an example ,its voltage vector
projected on frame x-y is presented, the stator flux
vector is oriented and aligned on the x-axis, the a-
axis denotes the A phase windings of motors, Os is
the stator flux linkage position, and V +1 is the active
voltage vector engendered by the +1 switching state.
A scan be noted from Table I, the x-y components of
V +1 can be expressed as

—__

T= 2/\/§Vm(11)
p— VX

A= 2/\/§Vm(12)
_ orl¥l

e= 2/\/§Vm(13)

It can be noted that both T and A are cognate to the
voltage vector, and e is cognate to motor speed.
Superseding (11) into (12) and (13), the torque
evaluation function and flux evaluation function of
the +1 switching state are obtained as

741 = —cos(a; + ) sin 6,(14)
A4y = cos(a; + %) cos 6(15)
The t and A functions of all active voltage vectors of

MC scan be calculated predicated on the
aforementioned contents, and the results are shown in
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the right side of Table I.By superseding (12)-(14)
into (10) and (5), the cognation ship between the
evaluation functions t , A, and e and the vicissitude
rates of torque and flux can be obtained as

=T, o< K(t — )(16)
L1y | o« A(L7
£ |, ] o< 2(17)

MCs have 18 active switch states, which correspond
to 18pairs of r and 4 functions. From (17) and (18),
the common features of all the z and A functions can
be concluded as follows: ¢ and 4 functions are
proportional to the change rates of torque and flux,
respectively.
IV. NOVEL MC-DTC
A. Enhanced MC Switching Table

As the online calculation of the functions of r and 4
according to Table 1 will bring undesirable
calculation burden ,a lookup table with the average
values of ¢ and A can eliminate the burden by
explicitly showing the effects of MCs voltage vectors
on torque and flux .1t can be noted that both 7 and 2
are binary periodic functions. An analysis of one
period, where s €10, 2z] and ai €0, 2x], will be
carried out.

_ k. %la %le ]
p, = round [(%)2 fg(za—n f%(l@—l) 1d6,da;|(18)

_ k. %la %le ]
p, = round [(%)2 fg(za—n f%(l@—l) Adb.da; [(19)

where round[ ] denotes the rounding of the number to
the most proximate integer and pt and pA are the
impact factors of torque and flux, respectively. The
values of pt and pA will be integers between —9 and
+9 when the coefficient k is equipollent to
10.According to (17)—(20), the relationships of pt and
pA with the transmutation rates of torque and flux can
be obtained as follows:

d d
ETE = avg (zTe) & K(pr - pe)(ZO)

L19| ~ avg (S 19,]) < pa(21)

dat
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where avg( ) is the average function in each zone and
the back EMF impact factor pe is
p. = round(10e) (22)

equations (21) and (22) implicatively insinuate that
p, and pA are approximately proportional to the
transmutation rates of torque and flux, respectively.

Superseding (15) into (19), the p, of the VV +1 vector
in each zone can be calculated. Moreover, the
enhanced switching table of the VV +1 vector can be
established, as presented in Fig. 6, in which the
effects of the +1 switching state on torque can be
shown explicitly. If the table is colored in accordance
with the transmuting of p,., the kindred attribute is
evident .

Standard MC-DTC

w. y;
e 3 TN
—é—-lpl .
3
1w g =)
1%

Fig. 3. Proposed MC-DTC block diagram.

he torque and flux impact factors pt and pA in the
enhanced switching table are integers ranging from
=9 to +9, except 0,44, +7, and £8. The reason is that
+4, £7, and +8 are cognate to the rotating switching
states of MCs and 0 is engendered by the zero
switching states of MCs. In such a way, the effects of
all the active switching states of MCs on the torque
and flux of PMSMs according to the enhanced
switching table can be evaluated explicitly.
B. Calculation of Obligation Cycle
According to (21), the vicissitude rates of torque
engendered by active vectors and zero vectors are
approximately proportional to K(pt — pe) and —Kpe,
respectively. Supposing that an active vector is
applied to the motor with a time duration of tk in one
control cycle ts, the impact of this active vector on
motor torque can be obtained as follows:

AT(; = k‘rK(p‘r - pe)tk(23)
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where kr is a positive constant. A zero voltage is
applied for the rest time of the control cycle ts — tk;
hence, the torque variations deduced as

ATe" = _erpe(ts - tk)(24)

The sum of (24) and (25) is the total torque increment
in a full control cycle, presented as follows:
AT, = AT, + AT, = k. K(p.t) — pets) (25)

where pr is obtained by Fig. 6, pe is calculated by
(23), and ATe is the difference between the reference
and actual value of torque. Based on (26), the duty
cycle can be derived as

d="%k="e 4P (26)

ts Kot Dr

AT,

where KT is the torque constant which equals kzKzs.
The analysis about the value range of KT will be
given in

Section IV-C.

C. Analysis of Torque Constant KT

Theoretically, the torque constant KT equals 4z Kits.
According to (10), K is a function of angle ¢ and
motor parameters. It tends to vary as a result of &
change caused by load ripple and motor parameter
variation caused by the temperature rising or system
nonlinear characteristic. Therefore, in this paper, KT
is obtained by the experimental tuning method rather
than through calculation by kr Kts.The qualitative
analysis of the impact of KT variation on

the performance of the proposed control method is

given as follows.
1.2

22N > 0.85 (28)
Kot

Where TN is the motor rated torque and pr is
estimated to be 9.

2) To ensure small torque ripples in the system steady
state ,the former part in (27) should be 0.1 1 0.5

times the latter part, and we obtain
0.1p, <2 < 05p, (29)
KT
Where BTe is the torque hysteresis band and pe is set
tobe 4.The value range of KT is the intersection of
(28) and (29). In the range, with a larger value of KT,
torque ripples in the steady state are less, but
dynamic performance is degraded. Moreover, with a
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smaller value of KT, fast dynamic response is
achieved ,but torque ripples are significant.
D. Proposed MC-DTC

The block diagram of the proposed MC-DTC is
presented in Fig. 3. It can be optically discerned that
an enhanced switching table and an obligation cycle
calculation part are integrated predicated on the
standard method. At first, an active voltage vector is
culled utilizing the standard method; then, pt is
obtained by referring to the enhanced switching table.
At last, the obligation cycle is calculated by
superseding pt and motor speed into (27).In Fig. 3,
the stator flux estimator employs the low-pass filter
method [28]. Its block diagram is shown in Fig. 8.In
Fig. 8, we is the synchronous frequency of the stator
flux and wc is the cutoff frequency of the low-pass
filter. The equations of we and wc are presented as
follows:

_ _ ll)a(uB_RsiB)_IPB(ua_Rsia)
We = Ve e = Ve v

(30)

. Aside from that, methods based on modern control
theory can also be used for flux estimation, such as
the self-adaptive estimator [29] and Kalman filter
[30].Torque estimation is performed in the stationary
a — f coordinate as follows:

T, = 1-5p(¢aiﬁ - lpﬁia) (31)

or = |3 (O -T) T =13 T.0 (32)

The performances of the standard and proposed
methods are given and compared by Matlab
/Simulink. The parameters of the PMSM, control
system, and input filter are presented in Tables V-
VII, respectively. The sampling periods of the
standard and proposed methods are set to be 50 and
100 ps ,respectively, in order to achieve kindred
average commutation frequencies .The
electromagnetic torque ripples of both the standard
and the proposed methods are evaluated by betokens
of their respective standard deviation, which can be
expressed aswhere n is the number of samples .The
dynamic performances of the standard and proposed
methods are shown in Fig. 4, where a step speed
command(from 20 to 60 r/min) is introduced at t = 1
s, and then, an abrupt change of load (from 0 to 400
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N - m) is introduced at t = 1.5 s. It can be seen that
both the standard and the proposed methods have fast
torque dynamic response. How ever ,a remarkable
torque ripple reduction can be observed in the
proposed method. To be specific, the values of ¢T of
the standard and proposed methods are 12.99 and
7.80 N - m, respectively, within the range of 1.3-1.5
s.In Fig. 10, robustness against motor parameter
variation is tested for the proposed method. In the
simulation, the d-q inductances are increased to
150% of their nominal values, and the other
simulation conditions are the same as those in Fig. 9.

TABLE Il
COMPARISON BETWEEN IMPROVED MC-DTC

Method I[10]

Method I3
four active vectors
and one zero vector

Proposed method
number of vectors in one

one deive vector and one zefo veclor
control period

0N ACHIVE VECTor OF e Zer0 Veclor

motor perameters ’ ) .
Hependence fo v bolo ko ko ¥
rolational coordinale
p B 1ot needed needed ot needed
transformation
PWM ot needed needed needed
fixed switch frequency unfixed fixed fixed
input current worsened [10] significanty improved [13] slightly improved
TABLE Il
PARAMETERS OF CONTROL SYSTEM
Flug hvsteresis berds ikt H1 3wy
<gime=hystercsis bands Bsing= {
Tergue hysterzsis bands BT E1% T
Flux reference [ .67 WE
Tergue constant ; R
o Kq 5.5 Nir
[proposed mettoc anlyi

It can be seen that the variation of motor inductance
has no significant effect on system performance.
Within the range 0f1.3-1.5 s, the value of oT is equal
t05.78 N- m.

V. SIMULATION RESULTS
To verify the feasibility and efficacy of the proposed
method, an MC setup was implemented, as shown in
Fig. 12.The consummate system was connected to the
utility grid through the variac. An input R—L—C filter
was adopted to attenuate switching harmonics. A
clamp circuit was designed to bulwark the MC
against the over current and overvoltage that occur on
the input side and/or output side of MC. The control
system employed a TMS320F28335 digital signal
processor for control strategy and an EP1C6 field-
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programmable gate array for switch commutation.
The sampling periods of the standard and proposed
methods are 50 and 100 ps, respectively .The
parameters of the experimental system are presented
in Tables V-VII.

A. Steady-State Performance

The steady performances of two methods are
presented with the speed reference value being 40
r/min and the load torque being 150 N ¢ m. In the
experiment, the standard and proposed methods are
implemented under kindred average commutation
frequencies, which are identically tantamount to 4.44
and 4.84 kHz, respectively .The average
commutation frequency is calculated by counting the
total commutation numbers of a bidirectional switch
during a fine-tuned period of time .Fig. 13 shows the
electromagnetic torque, stator current, and stator flux
modulus waveforms of two methods. Consequential
torque ripple can be found in the standard method as
shown in Fig. 5(a) with ¢ T being 11.32 N » m, while
Fig. 5(b) shows that remarkable torque ripple
reduction can be found in the proposed method with
o T being only 7.53 N * m.

Fig. 4. Simulation results of transient performance.
(a) Speed, electromagnetic torque, and stator current
for standard method..

L
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i
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sl
-
e
=
a
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B
i
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Fig. 5. Simulation results of speed, electromagnetic

torque, and stator current for proposed method with
1.5Ld and 1.5Lq.

seen that the distortion of input current in the
standard method is more severe than that in the
proposed method. The THDs of the standard and
proposed methods are 10.98% and
7.74%,respectively.

B. Dynamic Performance

Fig. 4 shows the waveforms of speed,
electromagnetic torque, and stator current of two
methods with the load torque stepping up from no
load (approximately 30 N - m) to 200 N - m and the
speed being 40 r/min. It can be seen that, with the
abrupt change of load, for both the standard and the
proposed methods, the electromagnetic torque
increases rapidly, and the speed meets the reference
value only after a short period .However, remarkable
torque ripple reduction can be observed in the
proposed method .

C. Low-Speed Behavior

Fig. 5 shows the waveforms of stator flux modulus
and electromagnetic torque of the standard and
proposed methods ,respectively, with the speed being
15 r/min. In the experiment ,against the variation of
control parameters. To summarize, the experimental
results are in accordance with the analysis in the
previous section , the value of KT is equal to 8.5 N -
m, and the load torque steps up from no load to 150
N - m with different speed references. It can be seen
that the proposed method is able to achieve better
steady-state and dynamic performances with different
operating conditions when an appropriate value is
assigned to KT.

VI. CONCLUSION
In this paper, a novel DTC algorithm utilizing

obligation cycle control strategy has been proposed
for MC-alimented PMSM drive system .This paper
defines the evaluation functions to analyze the
relationships between the voltage vectors of MCs and
the transmutation rates of torque and magnitude of
stator flux. By discretizing and averaging evaluation
functions, the torque and flux impact factors pt and
pA are acquired, and they are approximately
proportional to the vicissitude rates of torque and
magnitude of stator flux, respectively. Furthermore,
an enhanced switching table is established, and an
incipient obligation cycle optimization approach is
proposed. The performance of the novel MC-DTC
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has be entested by simulation and experiment, and
the results are concluded as follows.

1) Remarkable torque ripple reduction and
expeditious dynamic replication can be achieved by
the proposed method. The

standard deviation of electromagnetic torque is
reduced by more than 30%, compared with the
standard method.

2) For low-speed range, distortions of stator flux can
be eliminated to some extent compared with the
standard

method. Therefore, the load capacity of the drive
system is ameliorated by the proposed method.

3) The value of torque constant KT can affect the
performance of the proposed method. To discuss the
influence

Of KT, an experimental tuning method of KT is
presented in this paper. Both theoretical analysis and
experimental

results show that, with a more immensely colossal
value of KT, torque ripples in the steady state are less
but dynamic performance

is degraded.
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