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We present, in this paper, a DTC-SVM control algorithm of an induction machine based on PI
controllers. Both the torque and the flux are regulated by a PI controller, where the truth table and the
hysteresis are eliminated. We present here a conception method of the PI controllers, associated with the
flux and the torque regulation loops and gives analytical formulas for the proportional and integral
parameters, depending on the parameters of the induction machine. The effectiveness of the proposed
approach is shown by simulation results.
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INTRODUCTION

We present, in this paper, a control algorithm SVM-DTC of
induction machine based on PI controllers. The torque and
flux are regulated by a PI controller, where the truth table
and hysteresis are eliminated. Another cruise control is also
used to obtain the reference signal of torque. The algorithm
retains the basic idea of the technique DTC (Tang et al.,
2002; Takahashi and Ohmori, 1989). For this, the technique
of orientation of the stator flux is used. Thus, the control
voltages can be generated by PI and imposed by SVM
technique (Lai and Bowes, 1996; Casadei et al., 2000). In
addition, the estimate of the torque and flux is based on the
model of the machine voltage (Tang et al., 2002; Habetler et
al., 1991). This control structure has the advantages of
vector control and direct torque control and helps overcome
the problems of conventional DTC (Lai and Chen, 2001;
Habetler et al., 1991). PI, so vector modulation technique is
used to obtain a fixed switching frequency (Habelter and
Profumo, 1992; Casadei et al, 2003) and less torque
pulsations and flux (Tang and Rahman, 2001,
Kazmierkowski and Kasprowicz, 1995). In this work we
present a method of analytical design of the PI controllers
associated with the control loops of the flux and torque;
thereby we give analytical formulas for the proportional and
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integral parameters of the regulator, according to the
parameters of the machine induction. The effectiveness of
the proposed approach is shown by the simulation results.
The block diagram of the control structure is shown in (Fig.
1). Two PI controllers are used for controlling the flux and
torque, and another for the speed regulation.
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Fig 1. Diagram of DTC-SVM control of induction machine
based on PI controllers

Model of the Machine for the Control

Among the various types of models used to represent the
induction machine, there is one that uses each of the stator
currents, stator flux, speed as state variables and voltages
(Vaa» Vi) as control variables. This model is presented in
reference (d, q), related to the rotating field. This model is
expressed by the following system of equations (Carloss,
2000 and Grellet and Clerc, 2000):
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dt

de.
1’2‘3 = Rs-*rq's +_r.':_+ tg . P

d

Vegr =0 = Rr'fdr‘i'%_ (o, —,’!?D-:]-‘ﬁ-;-
s,

Ve =0=R,. I + _d:_+ (o, — pQ). 24

Vie = Roulgs + — . F,

gz

(1)

In addition, the components of the stator and rotor flux are
expressed by:

P = LpTge+ Lo dgr

ﬁ:.'s :I.S.fq.s-l-f.m.fqr 2
Par = LeBgpr + Ly Iy
'?qr = Lr'fqr+Lm'Iqs

Moreover, the mechanical equation of the machine is given
by:

S Q=TT G

The electromagnetic torque equation can be expressed in
terms of stator currents and stator flux as follows:

Tezp'{'?dsiqs_'?qsids:] 4)

Where :( ‘-rr.'.qu,g) s( Vdssﬁ-_g) a( I?ds a'?q_g )’ ( I?l‘.'i”cpqr) are
currents, voltages, and stator and rotor flux axis d-q.

( R;, R,) : stator and rotor Resistance.

(L, L) : stator and rotor Self Inductance.

(L, p): mutual Inductance and Number of pole pairs.
(e, , £2): Stator pulsation and mechanical rotor speed.

Control of The Stator Flux

In the case of the stator flux orientation in the repository
(d, q) (Fig. 2), the axis ‘d’ coincides with the direction of the
stator flux vector.®, The ‘d’ axis component of the stator
current Iy is then directly proportional to the magnitude of
the stator flux. By controlling and maintaining constant the
amplitude of the component of the stator current Iy, we
obtain the decoupling of the torque control and the flux of
the machine.

Fig 2. Vectorial representation of the strategy orientation of
stator flux

From the machine model developed previously, we can
deduce an expression of stator flux vector [10]. So if the
stator flux is oriented on the axis we find:

®y = D, and O, =0 %)
Then (1) guess:

. de,
Vag = Hol g + 2t

1’2‘3 = R.s'*rq's + e P

dts (6)

Ver =0 =R Iy +T:r — (w, —pQ). For

. degr

Vo =0 =R, I + ?"‘ {ws - FD-:]' Far
The torque becomes:
T, =P.#,.1 @)
Autopilot with the law:

0, = oy +pQ ®)

Currents and rotor flux can be expressed as a function of the
stator currents by:

1
Igr = ;{'?s - Lsfds:]

L )
Iq‘r = _._Ir,'s
Lm
g = (& —oL.ly)
i (10)
F = _==Tr
ar L, a8

Substituting (9), (10) in (6), and taking, into account the
Laplace transform, we have:

2, = (4 ot s + ot Lggw, ) 72 o
1 Ly,
Iq‘s = {:: '7.1-77‘3 - des) 1:;[:3 (12)

With: ¢, =:ﬂJ tq ::?: the constants time respectively
Fr e

rotor, stator, & : its leakage coefficient.

Expressing the ‘d’ component of the stator current as a
function of the ‘q’ component of the stator flux and the
stator voltages are expressed as follows:

&+,
= tE
T

13)
PR
1’1’.‘3 B . Py
With:
_ tll+ats
G*S T p+ltettE ot sl (14)
— _ ERdty ,
By = 1+Ft,srq‘gwr (135

Thus the stator flux can be controlled by the d-component of
the stator voltage. (Fig. 3) shows the relationship between @
and Vg, an equivalent system with a second-order
perturbation E4. A PI controller can be used to obtain the
desired performance and to maintain the stator flux
reference value @y .. (Bounadja et al., 2010).

v
=
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Fig 3. Block diagram of the flux control
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Calculating Parameters of the PI Regulator of Flux

The transfer function of the PI is given by:

F4 if

Cls) =Kpp +—

i
= K?"J'- (1 + TFS)
[\1.+'.r§r.3_lr

=Kpp———— (16)

e

Where K¢ ,K;; denote proportional and integral gains of the

Enr .
corrector, and 7 = ﬁ Its constant of time.
The transfer function of the open loop (TFOL) is given by:

TFOL = C(s). Gy,

—x [L+7ys) t(1+5t=)
- fof

G0

Tez 1+ (tp+t e+ 08,1 80

From the command "roots" in Matlab, one can find the roots
of the polynomial:

14 (t, + )5 + o, £.5°
There are two roots:

P, = f (.t 0)
P,=f(t,. ts )

By eliminating the pole dominating, which is the pole

nearest to the secondary axis (either the pole P,). We can
write the relation (17) in form ‘pole-zero’ as follows:

i 1
i !
_ 1 i k!
(- _TEL oty r,l:—s rr+.g)|

TFOL = Kp; — "la—py-py) (18)
To eliminate the dominant pole is placed:
G-r)=(+s) (19)
We have:

TFOL = ";i".—rf':lfs’:;:_;ﬂ (20)

The transfer function in closed loop (TFCL) is written as
follows:

TEOL

TFCL = oL @D

Substituting (20) into (21) and after simplification
We have:

Fo et (1+mt 2
TFCL = kel -

(22)

2+(x prtsfte—Fyl s+Eprts

To control the closed loop system, it is necessary to choose
the coefficients K, and K. For this, we use the method

of the imposition of the poles. The transfer function of a
standard second order system is characterized by:

Fls) = —== (23)
224 Ty, 2wl

Where £ and t, are the damping coefficient and the natural
angular frequency of the system. By analogy between the
expressions (22) and (23) taking into account the expression
(19), we find:

(t—pP)= l:s + LJ
Ir
3w, = (Kyptot, — Py)

‘- _p -k .P
S="h = Ky =-EyP

- 4)

Ifwe+F

F .= St S
pI t.ot,
Gains are obtained for the corrector that has a minimum
response time while ensuring the absence of overshoot. This
technique involves the imposition of values damping and the

pulsation to determine the coefficients K¢ and Kis

Control of the Electromagnetic Torque

From relations (11), (12), the current along the axis ‘q’ can
be expressed as:

I = e l1—a) oy (25)
9= = (14 o Ens) 24 (o w12
Lr Wit Flpdd =+ T L Wy &

Substituting (25) into (7) gives:

o #lw,

Ly (i+otes) 2+lataw)?

T, =p

(20)

As the modulus of the vector €, remains constant and equal
to its reference value ¥, and i, < 1, the relationship (26)
can be simplified as follows (Bounadja et al., 2010):

tel1—g)  #?

T.=p

= Ly (l+2ot, s

(e, = pQ) (27)

The electromagnetic torque is proportional to the slip pulse,
so equation (27) can be written as follows:

T, =Gy, (e, — pQ) (28)
Where

teli—g) 22

6r,=p (29)

£, D+zot8

As well the torque can be controlled by the stator pulsation.
(Fig. 4) shows the relationship between T, and ®;. A PI
controller is used to achieve the desired performance and
maintain the torque reference value

Te ref-

Teref— Pl

Fig 4. Block diagram of torque control
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Calculating Parameters of the PI Regulator of the torque

The transfer function of the PI is given by:

C(s) =K, +7°5
1
= Kpe (1 H ns)
(1+7.2)
= K, o (30)

T2

Where K, . K;. denote proportional and integral gains of

Hor
the corrector, and 7. = :e—p : Its time-constant.
Lc
The transfer function in a closed loop (TFCL) is given as
follows:

Lal
Clel 'ETE
(=)
1+Cl=).Gr

TFCL = (31)

Substituting (29) and (30) into (31) and, after simplification
one finds:

Eirtli—clel i s
e R S T D N T P T D 5

TFCL =

[l+T2)

= (sl ., (32)
1

2ot L. z [ B T Fry{i—ai®s+Le)

K Pepell—a)ml K Prpell—o)ts

TFCL the form of a second order system is characterized by:

Fls) = m (33)

Identification by the equations (32) and (33) we will have:

1 oty
wh  Epfrli-glel
2t (wrerli-sedi.)
wl Eptli-gded
-
Kic T pr 1R 34
= £, ar : (34)
I. = PE_ =& Ly
£ mi  wl EoPrli-gied

The technique is always about the imposition of values and
pulsation @, and damping & to determine the coefficients.
Kr.lr_ K[r .

Synthesis of PI Speed

The speed control is an essential need in the industry against
undesirable variations in the load. For this closed loop
control we use a type corrector (PI), which combines the
proportional and integral action to improve the steady state
and transient response speed. The (fig. 5) shows the block
diagram of the speed control.

Qrey n Pr

v
]

Fig S. Conventional Control Speed

The equation in the temporal mode of this corrector is given
below:

ule) = K,e(®) + K, [, e(z)dz (35)

Where, g(t) u(t) K, and K;, denote respectively the error at

time t, the command generated and gains of the corrector.
The corresponding transfer function is given by

PIG) = K+ 2 = Ky (14 2) (36)

Where s is the Laplace operator derived,
K,
T = R—F : Time-constant.

The transfer function in a closed loop is given by:

.r'J

TFCL = —J—a— (37)

Substituting equation (36) in (37), with T, =, after
simplification is obtained as follows :

TFCL = —=¢=— 38
—"—.9*+I—EI.9+1. (38)

To control the closed loop system, it is necessary to choose
the coefficients K, and K, in this case we use the method of
the imposition of the poles.

The transfer function of a second order system closed loop is
characterized by:

F(s) = P S 39)

The characteristic equation is: I + %s + ész where £: the
damping coefficient and ws,: the natural angular frequency
of the system. By identifying the relationship (38) we will
have the following system:

1 i "
—=5 = K=jw,’
epef (40)
= _ B K, = K —F
g L ’ g

The Gains of the corrector are obtained to have a minimal
response time while ensuring the absence of overshoot. This
technique involves the imposition of values of damping and
the pulsation & and @, to determine the K, and K;
coefficients.

Space Vector Pulse Width Modulation
The voltage vectors, produced by a 3-phase PWM inverter,

divide the space vector plane into six Sectors as shown in
(Fig. 6) (Habelter and Profumo, 1992).
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75(010) AR

Fig 6. Switching States of Space Vector Modulation

In every sector, the voltage vector is arbitrary synthesized by
basic space voltage vector of the two sides of one sector and

zero vectors. For example, in the first sector (Fig. 7), \_/S ref 18

a synthesized voltage, space vector and its equation is given
by:

Veret Ts = VoTo + VT, + V5 T, (41)
Ts = TO +T1 +T2 (42)

Where, T, , Tyand T, is the work time of basic space voltage

vectors \_/0,\_71 and \_72 respectively.

Va(110)

VSB ref

Vowedt Wal100)

Fig 7. Projection of the Reference Voltage Vector

The determination of the Amount of timesT; and T, given
by mere projections is:

Vig ref = = Tl +x
Bx raf T= 1

Veg rep = 1 V2 lsin() (43)
_ l'":.‘j"rn_,i

T

_ Ts = =
Ty = == (Vg rer — V2Vig reg)

T
_ I5¥ier

T: - =8 ref

—>

(44)

Uae

The rest of the period is applying the null-vector. For every
sector, switching duration is calculated. The amount of times
of the vector implementation can all be related to the
following variables (Habelter and Profumo, 1992):

X= = {‘“"51’,..3.5‘ ref}

Y= Tiz {*“"EP.IBQ‘ ref T "\'"51’!..2.5‘ ref} (45)

U

T = =
Z = 5 (VB rep + V2Vig 1)

Uz

The implementation of the durations sector boundary vectors
is tabulated as follows:

Table 1. Duration of the Sector Boundary Vectors

SECTOR 1 2 3 4 5 6
T, -Z Y X z -Y -X
Ty X zZ -Y -X -Z Y

The third step is to compute the duty cycles that have three
necessary times:

T. = Ts—Ti-Tisq
Tbon = Taon -I: Ti_ (46)
Tcon = Tbon + T;:+1

The last step is to assign the right duty cycle (T

xon

) to the
right motor phase according to the sector.

Table 2. Assigned Duty Cycles to the PWM Outputs

Sector 1 2 3 4 5 6
Sa Taon Tbon Tcon Tcon Tbon Taon
Sb Tbun Tmon Tmon Tbon Tcon Tcon
S. Teon Teon Thon Taon Taon Thon
RESULTS OF DISCUSSION

To approve the proposed approach, we simulated the
behavior of the drive system represented by the block
diagram of (Fig. 1) for Q. = 100rd/s. (Fig. 8,9,10,11,12)
show the simulation results in the introduction of a load
torque nominal of 20 Nm after booting empty at time t = 1s,
then canceled it at time t = 1.5s. The modulus of the stator
flux is quickly established in its reference value. It was
found that the speed reaches its reference Qref = 100rd / s
without overshoot and the disturbance caused by discharges
of instructions loads applied to different times above are
eliminated.

— resistive torque

i |
ol
\ Ay

electromagnetic torque

20

Torque [Nm]

| I
10 "\ ‘ I

Wi

0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
Time [s]
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|
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Fig 8. The Electromagnetic Torque
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Fig 12. The Stator Flux Trajectory

Indeed, the electromagnetic torque is quickly about to follow
the instructions of charges introduced. The dynamic
component of the stator flux is not affected by the
application of these instructions loads. The simulation
results show that the proposed analytical approach to the
design of PI controllers of flux and torque is quite rigorous.

Conclusion

In this article we synthesized and provided analytical
formulas for the proportional and integral parameters of PI
controllers associated with loops of flux and torque. The
effectiveness of the approach is approved by simulation
tests. The simulation results show that the proposed
approach for the design of PI flux and torque is sufficiently
rigorous. Also as showed by the simulation that the
algorithm presents high performance in terms of minimizing
the torque ripple and flux as well as the reduction of the
switching frequency of the inverter. Additionally, the
application of SVM guarantee:

Inverter switching frequency is constant;
Distortion Caused by exchange sector is delimited,
Low frequency sampling is required;

High robustness;

Good dynamic response;

Low complexity.
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Characteristics of the Machine used for Simulation

parameter symbol Value
Number of pole pairs P 2
Power P, 3 KW
Line voltage U, 380V
Line current I, 6.3A
Nominal frequency f S50Hz
Mechanical rotor speed Ni 1430 tr/mn
Electromagnetic torque T. 20Nm
Stator Resistance R 3.36 82
Rotor Resistance R; 1.09 &
Stator cyclic inductance L 0.256H
Mutual cyclic Inductance L 0.236H
Rotor cyclic inductance L. 0.256H
Rotor inertia J 43 10 Koz
Viscosity coefficient f 3201 []_4N.
m.sec.
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