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Abstract— Direct torque control (DTC) of Induction motor is preferred as compared to vector control scheme due
to its quick torque response, simplicity and robustess against rotor parameters variation. PID contrbers are very
common since they can offer a satisfactory perfornmece over a wide range of operation. The main probm with this
controller is the correct choice of the PID gainsad the fact that by using fixed gains, the contro#ir may not provide
the required control performance, when there are vaations in the plant parameters and operating condions.
Therefore, a tuning process must be performed to emire that the controller can deal with the variatios in the plant.
The tuning of these controllers is governed by sysin nonlinearities and continuous parameter variatios. In this
paper, a complete and rigorous study is made for tung of Pl controller used in a speed control loopn a Direct
Torque Control (DTC) scheme applied in a current sarce inverter (CSI) fed induction motor drive systen. The
controller value is adjusted by Ziegler and Nicholsmethod. A comparative study is made between P anil
controller. It has been found that with P controlle the transient time to reach the steady state vakiis small.

Keywords — Direct torque control, current source inverter, Ziegler andNichols

Nomenclature
Vas: Vbss Ves = Stator phase voltages
Vgs» Vs =Stator phase voltages in d-q reference frame
Var  Var = Rotor phase voltages in d-g reference frame
[FHPS = Inverter output currents
iq-ig = Inverter output currents in d-q reference frame
ias+ibsyics = Stator currents
igs:ids = Stator currents in d-q reference frame
igrigr = Rotor currents in d-q reference frame
iactireact = Active & reactive component of stator current
iref sic = Reference current, Capacitor current
o8 = Electrical angular velocity of d-q axis
; = Electrical angular velocity of rotor
oN = Slip speed in rad/sec
Ogref = Slip speed command in rad/sec
T, Ty = Electromagnetic torque and load torque
Vierlde = Rectifier output voltage, DC link current
Vi = Inverter input voltage
Vs,V = Amplitude of stator & rotor voltage

I Ty = Stator & rotor resistance

Is, Iy = Stator & rotor self inductance
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= Mutual inductance between stator and rotor

C = Capacitance of each output capacitor

re.lg = DC link resistance & inductance

P = Number of pole

J = Moment of inertia of rotor ‘Kg-f

Kps = Proportional gain of speed controller

Kpi = Proportional gain of current controller

Ky, Ko = Slope of active & reactive component of slip

regulator characteristics respectively

I. INTRODUCTION

The speed of an induction motor can be smoothlyrobed
over a desired speed range by varying the frequeh@&C
source. Due to inherent disadvantages in voltageceo
inverter [1], a slip regulated current source itee(CSI) has
been preferred for a wide range speed control [2,TBe
current source inverter fed drive finds applicationhigh
power drives such as fan drives, where fast dynamic
response is not needed. Also, since CSI drives @niplly
controlled silicon-controlled rectifier (SCR) comter at the
input. Under regeneration the polarity of the agé at the
converter terminals will reverse and the energy b fed
back to the utility. So regeneration is built intte system
and unlike VSI fed drives does not require any taiakl
circuit [4]. In CSI drives the dc link reactor litaithe rate of
rise of current under short circuit conditions, tee drives
can be easily protected under short circuit and tesults in
improved reliability of the drive [5, 6].

The most common choice for the controlleCil drive
is the PID compensator due to its simple structane
satisfactory performance over a wide range of djmerd7].
To tune a PI controller (usually in drives applioas the
derivative part of the controller is not used) @]lot of
strategies have been proposed.. The technique $6% u
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frequency response method to design and tune Riotien I1l. MODELING OFCSIFEDIM DRIVE SYSTEM

gains based on specified phase and gain margin®@l®s  the composite inverter fed induction motor systbas

cross over frequency. Furthermore, root locus ante ppheen modeled in different structures and cascaststiter to
assignment design techniques are also proposedditicd  5iain the overall performance of system
to transient response specifications. All thesehows are

considered as model based strategies and therffitierey 5 Modeling of Induction Motor
of the tuning law depends on the accuracy of ttep@sed  The \oltages and currents of the squirrel cagtidtion

model as well as the assumed conditions with résgec ., ior can be represented in a synchronously rotadi
actual operating conditions [10, 11]. On the othand the | .torence frame as follows [13]

Ziegler-Nichols method does not require any systeode
and control parameters are designed only from et gtep

response [12]. Tuning, using this method is charamd by | Yo | [fs+Pls  @dls Plm Oelm || as
a good disturbance rejection. This paper preseming of |Vgs | | —@els Ts+pls —wely Pl |l igs 1)
Pl Controller for Current Source Inverter Fed Inihme qur Pl oglm ol ogl |lig

Motor Drive. In this study, the dynamic analysis of SCCS|
fed induction motor system is done with proportioaad
integral controller in speed and current loops, jheameter
of which are adjusted by Ziegler and Nichols mdthoSolving (1), following model of induction motor @btained
Simulation studies are made at various motor spéeds

Vgr —a)glm p|m —a)glr r+ pll‘ idr

different loading conditionslt has been shown that due tg ] Mo
very small offset, P controller works satisfactpribs ids _ ids
2
compared to PI controller for all loads. —=1J, ah+aly, [ ald
[ 2 [
Il. CSI FED IM DRIVE SYSTEM ®|_UAah+aln) gl T s
Fig. 1 shows a current controlled induction motiive | - | | tdm ~@lels g ah-ald, |+
system. It consists of three phase power sourcatyaited |lot lor
rectifier bridge, a DC link smoothening reactorcarent | . Qldm dm  Adh—ald) s )
source inverter and a three phase squirrel cageciiosh |i i
. ) L LY
motor. The magnitude and polarity of the speedreare
used to determine the slip speed reference. Thistaias lr 0 0 OfVas
the air gap flux in the machine at a constant valné also 1] O [, 0 0| Vvgs
used to determine the DC link current referenceuasal +|_ | 0 0 0/ o @)
oo . 1 m
Rectifier output voltage is controlled by PI cofigo 0 | 00
working on the DC link current error that decidae tnput om 0
current of CSI. The slip speed is added to therrspeed in
order Fo deter_mlne the syn_chronous speed, whic tk\ﬁ/here Ilzlslr _|% 3)
determines the inverter operating frequency.
o Speed Pl Dy The machine and load torque are related as
—» Controller | L
CF (K ps: Kis) 7 — Wy ‘]pwl’ :Te_TI (4)

In equation (4), friction and windage losses agglected.
g = Kiogu i2= (i) + (g —1.)° The electromagnetic torqud, and load torque]; is given
by the following equations.

Te= (3P/4)|m (iqsidr _idsiqr ) )
T =T *(o ] o) (6)

The load torque in the present case is considarebe

4] .

—rT Fring Angle|q | ggr:trrﬁﬂgrpl varying linearly with the speed.
Controller
Ko, Kii

eed Il (Kpi Kii) B. Modeling of Capacitors

OS%?]sor © | v For the balanced condition, the equations reldtedhe
d e Iy f . .
| AAA——A] output capacitors can be expressed, in term ofephaltages

"'-._2 3- ¢ + <+ + PWM . :
as following:
_4:_ iq = 3CPVyas +igg @

iy = 3CPVps +ins ®)
Fig. 1. Closed Loop Control of Induction Motor fay CSI ic =3CPVgs +igs 9)
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Transforming the inverter output currents,iy & ic in a qr ‘(aél"'“?lr?r) 0l ) L 0o
synchronously rotating d-q reference frame, follayvi 0 e 2 rm moT _iqD_
equations are obtained. 0 ||@htalm Aok 0k o

. . 0 Infs @lpks A% gld—ah 4y O i
Iq = 3Cpvgs + IV +igs (10) 0 [H 4ldm tdm Qi-alls  d 0 Hy .qo
. . i
ig = 3CPVgs — LweVgs +ids (1) | + 0 0 0 0 4 do
et | T ‘oo

In CSI the inverter output current flows for i2f each 0 0 -4 0 0 kg O | \eo |
half cycle in the form of a rectangular wave. ThHermonic L T t ]
components are neglected on the assumptions thatrive (18)

Page: 111-116

system stability is primarily determined by the damental
component of each variable. Thus, the inverter qutpDC
currents, considering only the fundamental comptnare
obtained as below

iq = (2V3/7)ige, ig=0

The subscript ‘0’ denotes the steady staligev@®nce the
link current required for an arbitrary speed antbad
torque is determined, all the motor currents ané th
developed electromagnetic torque can be obtainéog us
equations (18) and (5) respectively. Fig. 2 shdwvestorque
versus slip characteristics for different value dif link
current. Near the synchronous speed i.e. at lops die
torque is linear and is proportional to slip; begothe
maximum torque the torque is approximately inversel

(12)

From equation (10) to (12) the derivative of staphrase
voltage in dq reference frame are obtained

Ve = (1/3C) i + Ty 13 proportional to slip. Fig.3 shows the rotor current
PVas = ( )( ds Ve qs) (13) characteristic for different value of dc link cumtelt shows
PVgs = (1/3(:)( (2J—2 17 Yge — g:wevds_iqs) (14) that at unity slip the current taken by the mowitarge as
expected.
C. Modeling of DC Link I S s
il
The dc link is expressed as § a:.
I Plge +Miige = Vye =V (15) g 2
w2

If inverter is assumed lossless, the inverter ivoltiage be

Fig. 2. Plot of electromagnetic torque (Te) vp(&)

Vi = (3V3/7 Vs (16)

plot of rotor current(ir) vs slip(s)

The relationship between the stator rms current dod
reference current is

iret = (V2/K3)is (17)

IV. STEADY STATECHARACTERISTICS

0@

w

[N

rotor current(ir)

o =

0.4 [i}
slip(s)

= o

Tuning a controller involves setting the prommal,
integral, and derivative values to get the bessibts control
for a particular process. In order to obtain theecpdhte
control the motor is tuned here using Ziegler Nisho ) ) ) o )
Method. To investigate the dynamic characteristics, theatons

The test machine used in the work is a 3-phég@/a4ov, (1), (4), (5), (10), (11), (15) & (16) are lineadzabout a
50 Hz, 4 poles, 7 Amps, induction motor. Differengteady state operating point. Then the resultiatg stquation
parameters of the motor are= . = 5.53Q/ph, k= |, = 0.68 Can be expressed as
H, 1=0.6503 H,lI; =0.08H ,r; =3Q, C = 28.22uF, K; =

Fig. 3. Plot of rotor current (ir) vs slip(s

V. DYNAMIC CHARACTERISTICS

X = Ax+ Bu (19)
0.0821 and K0.2474.
The steady state equation (18) is obtainedulbbgtiuting Where
all the derivative terms egual to zero. in the fanpmt (), X = [Slgs Sigs Sigr Sig SVgs Vg Sige &Ur]T (20)
(13) and (14) and assuming the DC link currggt as an
nput U =[805 Svge oT1" (21)
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—Tslr lr%\wslo_lslrwso Melm ~Orolmly Iy 0 0 _Gr%idso"'lmlridro)
2 2 :
i lsog —Imogo —ils i lmaro Imly 0 Iy 0 (|m|qso+|m|r|qro)
2 . .
Islm lslmaro —Trls Imow —lshhogo  —Im 0 0 (midso *+1rigro s
—lslm@ro Imfs _(Ir%a’so =l lsog0) —Tels 0 —Im 0 _Gmiqso +|riqro Js
ly 2
- 0 0 0 0 o 0
A=I1 3C 1Mo 7CA3
1 |
0 -1 0 0 o 0 0 0
3C 1%0
3 rel
0 0 0 0 WA, o, 0
ﬂ'lf |f
3P, ), P2y P, P
| 8J ldro - 8J qro aJ ldso T gso 0 0 0 0 |
(22)
__Ilidso 0 0 . . : piot of mpeed e ime
I1iq51) 0 0 o - [ o e T
“higo 0 O gm Ay =130 rad fsec..... ]
lyi 0 0 & i i
cro e
1l-lvgeo O 0 i i
B=— 5 SN N A
Iy hVgo O 0 :
| B
O —1 0 Hrre
I f Fig. 5. Plot of rotor speedy{) vs time (t) with P controller
0 0 —% Next the controller gain is adjusted for Pl wolter and in

- - this case the steady state condition is reachdu Kyjg= 27
_ ~ (23) &K, =11.25 as shown in Fig. 6. The time to reachdstea
Software MATLAB is used to solve Equation (19) tstate speed is approximately 1.3 sec in this Gisee with P

investigate the starting transient of the drivetidtly, load controller there is no offset thus with Pl conteollsystem
torque is kept at very low value equal to 0.8 NHViorder to  hecome sluggish as desired.

obtain the steady state operating value correspgrigi this
load torque, the dC link current range has beeaioéd with 200 picd af epead w4 thre
the help of steady state characteristic shown m2FiTo
obtain high efficiency it is preferred to operatean low

LY== DRI -

slips. Now the controller gain is adjusted wheeexpwas gim - ,3;,,.=.l.iﬂ.md._.-'.s,-e;:,.-....--...-
taken equal tey, =150rad /sec § St B @ BN L
The sustain oscillation are obtained at thia galue of o L R
Kpsmax= 60 & Kpimax= 25 and ultimate period of,fhas been
observed equal to 0.2 sec as shown in Fig. 4. MNuww 5 - 2 3 2
controller gain is adjusted by Ziegler Nichols nuethfirst trre
for P controller. The steady state condition ischesl with Fig. 6. Plot of rotor speed) vs time (t) with PI controller
Ko 30 & K=12.5 as shown in Fig. 5. Itis clear that time to
reach steady state value is approximately 1.2 sec. The load torque is now increased gradually aheés been
observed that up to a value of 4 Nm same contrgjéen
2o Pl o A value works satisfactorily as shown in Fig. 7, Figand Fig
Rt FEELL LR 9 for sustain oscillation, P controller, and Pl tolter

respectively. It is observed that if the load t@qis
o=t tpae feep increased, the DC link current range increasesbtai the
e g steady state operating value. This reduces the ttimreach
the steady state speed as shown in Fig. 8 andFiThe
DC link current taken by the CSI inverter with =T0.8 Nm
is approximately 8 amps as shown in Fig. 10 anédthes
to 22 amps for a load torque of 4 Nm shown in Hig).
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These controller values work satisfactorily up toegque of

18 Nm.

plat of apaad wa iime
T

mr:lﬂ Elmzifsec
SUPA.Y S S

Bt R

1 2 - o
1lrme=

Fig. 7. Plot of rotor speed) vs time (t)

Pt ol mpasd vE tirmes

1 i= 150 rird fsec i
EANML

tirm

Fig. 8. Plot of rotor speedy) vs time (t) with P controller

0

piat ol apcad W 1ime

o) = 150 fad 73ec] ]

Fig. 9. Plot of rotor speed) vs time (t) with PI controller

plat af ch link cumant wa line

Fig. 10 Plot of dc link currentdg) vs time (t) with P controller

pat of oo link curent = lime

150 radd-sebemmmenn]

e

Fig. 11 Plot of dc link currentdg) vs time (t) with P controller
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When the speed of the motor is
o, =145rad /sechen for the same initial load torque of T

= 0.8 Nm the sustain oscillation are now obtainethe gain
value of Kysmax= 38 and Kimax= 20 and ultimate period of,P
= 0.203 sec as shown in Fig. 12. The speed tnatssier P
controller and PI controller are shown in Fig. 1@l &ig. 14,
respectively for this staring load torque. Thea&éyalues
are constant if the load torque is increased up\talue of 4
Nm as shown in Fig. 15, Fig. 16 and Fig. 17 fortains
oscillations, P controller and PI controller respesly.

plat ol spaad wa fime

et =-14 Brgdl L s86 e

1] 1 2 - a
i

Fig. 12. Plot of rotor speedy) vs time (t)

piot of =pe=d v timm

B

8

= ldi rad fseo ]
LT 7 S S

et 3jes i)
g 3
T
i
!
]

a
I
i
|
i
|
i

B

Fig. 13. Plot of rotor speedy) vs time (t) with P controller
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Fig. 14. Plot of rotor speedy) vs time (t) with Pl controller
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Fig. 15. Plot of rotor speedy) vs time (t)
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Fig.16. Plot of rotor speedy) vs time (t) with P controller
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PID OF BpREc W& T

The controller constants reduce with a deeréaspeed
and at the same time the DC link current requirenaso
decreases. This again increases the system stabilit

|

=145radi/sec ... .|
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VI. CONCLUSIONS

Mathematical modeling of current source inverf€SI)
fed induction motor drive system has been done in
synchronously rotating d-q reference frame using
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