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Abstract - This paper presents a design and tuning Some investigations by using deadbeat [9, 10], fuzzy [11],
method of the complex gain controller, based on the internal mode controller [12] and predictive controlle3]1
three-phase induction motor mathematical model complex have been presented. These strategies have been presenting
transfer function to be used in induction motor control  satisfactory current response although the complex teansf
when the machine operates at low speed which is a function of induction motor is not used and low-speed tests
problem so far. The complex gain controller was applied had not been shown.
in the direct rotor field orientation control method and also An alternative for induction motor drive is the direct toequ
on the direct torque control method. It was designed and control (DTC), which consists of the direct control of thatet
tuned using the frequency-response function of the closed flux A; and of the electromagnetic torqile. DTC controllers
loop system. The complex gain controller presents low generate a stator voltage space vector that allows quigkiéor
complexity in the induction motor controlimplementation.  response with the smallest variation of the stator flux. The
Experimental results were carried out for the controller  principles of the DTC using histeresis controllers andafalg

validation. switching frequency have been presented in [14] and [15]. It
has disadvantages such as low speed operation [16].
Keywords — Induction Motor Control, Complex gain To solve the variable switching frequency problem DTC
controller, Complex Transfer Function, Field orientation, ~ Strategies operating at constant switching frequency @n b
Direct torque control. implemented by means of closed-loop schemes with PI
controllers [17, 18], deadbeat [19, 20], sliding mode [21,
I. INTRODUCTION 22], predictive [23] and neuro-fuzzy [24] controllers. The

fontrollers calculate the required stator voltage vector,

The three-phase induction motor dynamics is traditionall q i iod. Th ies h
represented by differential equations. The space-vect@rVerage over a sampiing period. ese strategies have

concept [1] is used in the mathematical representationef thsatlsfactory flux and torque response although the complex

induction machine state variables such as voltage, cyaadt transfer function of induction motor IS not used. ) _
flux. To overcome the low speed operation shortcomings, various

The concept of complex transfer function derives from@PProaches for FOC and DTC have been reported using

the application of the Laplace transform to the differdntia INdirect flux detec_tlon by on-line reactance measurement
equations mentioned above in which the complex coefficient@€thod [25], adaptive .obser-ver [26] f';md dgadbeat control [2
are in accordance with the spiral vector theory which hag8l- _These strategies aim _the induction _motor control
been presented by [2]. The complex transfer function cance peration at low speed. In_ this case, the complex transfer
of the three-phase induction motor mathematical model an nction and the complex gain controller are not used fohsuc
the induction motor root locus were presented in [3]. OthePtrate,gy' . .

procedures for modeling and simulating the three-phase This work proposes a design and tuning method for

induction motor dynamics using the complex transfer fuorcti a complex gan control methqd, based on the three-
concept are also presented in [4] phase induction motor mathematical model complex transfer

The induction machine high performance dynamics iJunctipn to be used in induction mot_or c_ontrol when the
achieved by the field orientation control (FOC) [5, 6]. TheMachine operates at !OW speed which is a problem so
three-phase induction motor field orientation control gshre ffar. The cqmplex gain controller was applied on rotor
complex transfer function concept to tune the Pl controliefl€!d orientation control and on the direct torque contrql.
by using the frequency-response function of the closegi—looIt was designed and tuned by frequency-respc_)nse function
complex transfer function of the controlled induction miaeh of the closed_ loop system. The gomple_x gain controller
was presented in [7]. This strategy has satisfactory CUrreI45)resents a minor complexity for the |nduct|on motor cor_1tro|
response although stator currents had presented cropirgpu |mplementat|9n when compared to thg techniques mentioned
during the induction machine transients. An interestingsbove' Experimental results were carried out for the cdlatro

a

solution was presented in [8] in which it was designed alidation.

stator-current IcI:ontroIIer using clomplex. fo:m. Frorln thh:;e U THE COMPLEX MATHEMATICAL MODEL OF THE
current controller structure employing single-complesosds THREE-PHASE INDUCTION MACHINE
synthesized with satisfactory high dynamic performance.

Manuscript received on 02/06/2008. Revised on 09/10/2008 a The induction motor mathematical mode| is ertteh in the
13/07/2009. Accepted by recommendation of the Editor Fetaa. M.  Synchronous reference fr_f?me (dg) and the state Va”a_tfdﬁs ar
Antunes. stator current space vectfyr and stator flux space vectay
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Fig. 1.Induction motor block diagram.
[29]. H(s) is derived from the application of the Laplace transform
to the equation (1) and it has the form givenin 7.
Xidq a1 as] [Aiag VLdg y
- ST JWwi
2 - as as| |ig " % Y H(s) T4q < ol ) e @)
(3 q = =
1dg oLy s Viag (s +jwi) (s+aq) + Ry a3
Where .
a1 = —jwi (2) WhereIldq =L {ildq} andVldq =L {ﬁldq}-
R @) IIl. DIRECT ROTOR FIELD ORIENTATION CONTROL
a2 = —Iu
The direct rotor field orientation control (DFOC) allows to
. control the flux magnitud&, and torquel, through the stator
R»> jPw i . o
3= - mee (4) currents [6] with the relationship given by
UL1L2 O'L1
R R . Ay =i1alm (8)
ay = — T1+T2+](w1—Pwmec)] (5)
gla Ok and
ando is the leakage coefficient. The machine mechanical ar
dynamics is given by T, = 2LM Psiy, (9)
2
dwmec 3 > P* . . . . .
i §PIm(uquldq) -Tr (6) Using the complex notation in the direct rotor field

) orientation strategy wherg is the real component ang,

The subscriptsl, 2 and m represent the stator, rotor and js the imaginary component of the stator current. Thus, the
magnetization parameters respectively,is the synchronous  (agitional PI controller presented in [31] can be subitu
speediwnc. is the machine mechanical speétl, andR, are  py the complex gairfa + jb). This controller generates the
the per phase estator and rotor windings electrical remista voltage reference by using the stator current space vectar e

respectively,L, , L, and L, are the proper and mutual (o, 1 je. ). The reference voltage space vector is given by
inductances of the stator and rotor windingds the voltage

vector ,P is the machine number of pair of polekis the load S ) .

and rotor inertia moment arify; is the machine load torque. Ddgrey = (@ +jb) (E1a + jE10) (10)
In order to obtain the induction motor complex transfer \which means

function the Laplace transform is applied to (1) in accoman

with the complex transfer function concept, it is assumed th

L ! = -b 11
the mechanical time constant of the motor is much larger than Udney = (@214 £10) (1)
the transient electromagnetic time constants and theadetar
effects is neglected. Thusy,,.. = constant is a valid
L : . . v =(beig+ace 12
approximation [2, 8, 30]. The induction motor block diagram tgney = (b&1 1a) (12)
originated by use of (1) and (6) is shown in Figure 1. Whereq is the real component of the complex gdifis the

When designing the DFOC or DTC control systemsimaginary component of the complex gai,, is the error
through the induction motor complex transfer functign, is  between) 4, , andi 4 ande;,, is the error between,, ., and
considered as the input and thg, is considered as the output. i1,. The directrotor field orientation strategy with the comple
Therefore the induction machine complex transfer functiorgain controller is shown in Figure 2.
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Fig. 3.Induction motor (7) frequency-response function.
Fig. 2.DFOC strategy with complex gain controller.

In accordance with the control theory [33, 34] the control
system block diagram used to obtain the closed loop transfer

The reference stator voltage vec is transformed o L
g Q... function is presented in Figure 4.

by using rotor flux angle), to obtain the stator voltage in
the stationary reference frameg? as it is shown in the next
section.

— —
. f}

leé]ref lldq
A. Rotor Flux Estimation k
The stator flux estimation is given by T

Fig. 4.System to design the complex gain.

A 4
!
—
=

Xiag = /(171a5 — Rithap)dt (13)

An interesting flux estimation at low speed using

equation (13) is obtained by using the integration method \yherer = 4 + jb. The transfer function of the system
given by [32]. The rotor flux estimation is done by presented in Figure 4 is given by

o Ly o L3 — LiLy~ (a +jb)H(s)
Xong = —=X S 14 C(s) = 16
208 Lu 1a8 T+ Lu L1ap ( ) (5) 1+ (a -I-]b)H(S) ( )
Where the subscript3 is used to designate the stator For non-load induction motor it yields
stationary reference frame which is being used.
The rotor flux angle is estimated by using the trigonometric (s + jwi) R, JPwWmec (a + jb)
transfer function I3 LiLy oL “TI
C(S) _ oL ol ;% oL (17)
. 1 .
m(s) _]PwmecT +7’L(S) (a’_'_]b)
Ao 7o
d, = arctan (/\—> (15)
2a Where
B. Design of the Complex Gain m(s) = (s + jwr) (s + B + £> It By (18)
The tuning operation of the complex gain controller recgiire oli  ols oL L

the transfer function of the closed loop system, to obtain it

frequency-response function. In the induction motor caxpl and

transfer function (7)/4, is considered as the input and the ) )

1144 is considered as the output. n(s) = [(5 +jwi) Ry _ ]P‘*’ma‘} ) (19)
The frequency-response function of tHes) given in (7) is oLy oLy Ly ol

shown in Figure 3. The low speed utilized in this paper is 125

rpm (13-ad/s) that corresponds to 4.16Hz. As the variables at In the case of the 4.16Hz the complex gain to achieve 0 dB

synchronous referential are constants the angle of themurr magnitude of H(s) in the equation (17) is 75-25j as it can be

fldq is neglected. shown in Figure 5.
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The reference stator voltage vecty,,. , is transformed

Bode Diagram

5 by using stator flux anglé, to obtain the stator voltage at
o ] stationary reference frames.
sl Eroduency (Hz): 415 ] The stator flux estimation is obtained by using equation (13)
Magnide (A8 70267 | in section Il.LA and its angle is estimated by using the

trigonometric transfer function

Magnitude (dB)

_25: ds = arctan (;ﬂ) . (23)

la

Design of the Complex Gain

0’ Frequeﬁfj *+2) 1 The tuning operation for the complex gain determination
requires the transfer function of the closed loop system to
Fig. 5. Frequency-response function of the equation (17). obtain its frequency-response function.
The frequency is chosen in accordance with the the
IV. DIRECT TORQUE CONTROL indyction motor desired speed operation to design the aampl
gain.

By using stator field orientation in this present work, the In accordance with the DTC control strategy the induction
torque and stator flux must become parts of a complex numbeanotor output has to be the stator flux magnitutie and
where the magnitude of the stator flaxis the real component the torqueZ,. Therefore the H(s) outputs have to become
and the torqudl, is the imaginary component. Hence, thethe stator flux magnitude\; and the torquel’, according
reference signals and the error become a complex numbesguation (7). The expression to obtain the stator flux bygusin
Thus, the traditional Pl controller presented in [17] can bethe stator current, 4 is given by
substituted by complex gaifu + jb). This gain has the
function to generate a voltage reference vector using tterst M=XMg™ GoLiiy (24)
flux-torque vector errofe , +je7). This way the stator voltage

vector in this control strategy is given by and to obtain the electromagnetic torque indpeeference

frame one may use the expression:

Uidg,.; = (ex + jer) (a + jb) (20) 3 ..
Te = P ing (25)
wich means that the direct and quadrature axis of the voltage 2
vector are As the stator flux magnitudk, is assumed to be essentially
Vid,., = (—er b+exa) (21)  constant, through of the equations (7), (24) and (25) the new
transfer function is achieved with torque and flux as outpdt a
it is given by
Vig,.; = (ET a+xD) (22)
. . X 3
Whereq is the real component of complex gainjs the VAT = H(s) <G0L1 + ]P§>\1> (26)
imaginary component of complex gain, is the flux error Ldq
signal anckr is the torque error signal. Where X\r = L{\ +jT.}. The frequency-response
The block diagram of the strategy with the complex gain isfunction of equation (26) is presented in Figure 7 at freqyen
presented in Figure 6. 4.16 H = to tuning the complex gain.
. v dq o Bode Diagram
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Fig. 6.DTC strategy with complex gain controller. Fig. 7.Frequency-response function of the equation (26).
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Then, from equations (20) and (26) one obtain the control for direct torque control the, 4, is given by
system block diagram and it is presented in Figure 8.

k;
_ ~ Vidpe; = kp1 e + ?1 € (30)
21d,p/ + Tf’mf . ’1,14 3 /?'m + jTe
a+ jb—i H(s) ——iGat,+ P4 ki
_ Vigue; = kpg er + ? ET (31)
Where kp1, kp2, ki and k;; are the parameters of the Pl
Fig. 8.System to design the complex gain. controller. It can be seen in equations (28), (29), (30) &3 (

that it is necessary one Pl controller to compute each stator

The expression of the closed loop transfer function of the/oltage component. Thus, the parameters of two PI contsolle
control system shown in Figure 8 is given by have to be tuned for induction motor control.
Comparing the equations (28) with (11), (30) with (21), (29)
with (12) and (31) with (22) it can be seen that,, was
(a + jb) H(s) <GaL1 +jP§>\1> computed by a complex prqduct between the_ complex error
Xar _ 27) vhector and trlmle compr:ex gain contr?llgr and in the cas(tja of
Xt . . the PI controller, each component of thg,, was compute
T L4 (et b H(s) (GaLl +]P§)‘1> by a product between a PI controller an%l the error of each
component. Thus, using the complex gain controller the
Where X»r,., = L{\i,., +jT...,}. At the frequency parameters number of the controller was reduced from four
of 4.16 Hz the complex gain was calculated by usingto two. Obviously this reduction decreases the difficulttoet
simulations, considering slip approximately null and the Othe parameters of the controller.
dB magnitude. Its value i425 — j25. The frequency-
response function of equation (27) is shown in Figure 9 and

VI. EXPERIMENTAL RESULTS

its magnitude is near O dB. The DFOC and DTC strategies were implemented using
a Texas Instruments DSP TMS320F2812 platform. The
Bode Diagram system consists of a three-phase voltage source invertier wi
-0.05 ‘ ‘ ‘ ‘ insulated-gate bipolar transistors (IGBTs) and the tiplease
o1} R ] induction motor wich electrical and mechanical charastes
s J §§;i:nx?ga§f?57 | are shown in the appendix. The stator voltage commands
e were modulated by using symmetrical space vector PWM
g ** ] with switching frequency equal to 2.5 kHz. The DC bus
é—ozsf : ERNERS s ] voltage of the inverter is 226 V and the stator voltages

and currents was sampled in the frequency of 2.5 kHz. A
conventional Pl controller generates a torque reference by
using the speed error. The flux and torque estimation, and the
flux-torque complex regulator and speed controller have the
045 3 - " - " - same sampling frequency of 2.5 kHz. The encoder resolution
Frequency (H0) is 1500 pulses per revolution.
Three no-load induction motor tests were made. The first
Fig. 9.Frequency-response function of the equation (27).  one was the response to a torque step of 12.2 Nm which is
shown in Figure 10. Thé,, ., is calculated by equation (25).
V. DIFERENCE BETWEEN FORMULATIONS OF THE  The response of the DTC with complex controller presented
COMPLEX GAIN CONTROLLER AND OF THE PI a slightly better performance during the transient anddstea
CONTROLLER state when such response is compared with the response

) _ _ . to the DTC with PI controller and DFOC with complex
The |nduct|on_ machine stator voltage was computed USiNgain controller although the response of DFOC has less
the complex gain controller of the equation (10) for DFOCqqijiations. These oscillations occur due to the natek |
and of the equation (20) for DTC. In both cases the computegs accyracy in the measurements of currents and voltages and
stator voltagev:q, was the result of the product of two iinduction motor parameters variations [35].

complex numbers: the complex error and the complex gain | the second test the speed varies in forward and reversal

I
o
w

-0.35

-04f

controller. o _ operation and the results are presented in Figure 11. Tleelspe
.In thg case of the PI clont.roller use, in direct rotor f'eldchanges from 13 rad/s to -13 rad/s in 1 s and the complex
orientation control, the: 4, is given by gain is not changed during the test. This result confirms the
ki satisfactory performance and the robustness of the ctatrol
Vid,.; = kp1 €14 + — (28)  due to the fact that the speed reaches the reference in kevera

conditions. The responses of the DTC and DFOC with
ko complex gain controller and of the DTC with PI controller
Vigpe; = Fp2 €14 + g Cla (29)  have similar performance in the transient and in the steady
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state. The small error occurs due to the natural lack o€omplex gain controller. The result confirms the satisfiacto

accuracy in the speed measurement. performance and the robustness of the complex controller

again due to the fact that the speed reaches the referenee val

Tek HEIH 2.50ks/5 & Acds ] although the complex gain is designed for induction motor
....... T ~ operation at 4.16 Hz.

Tek 50.05/5 1 Acgs
b
2

| st

mec,

Ehi T o0V 700V WM20.0ms Chi &  20mV

(2)DFOC -ijq, ., step function (4.2 A/div). S O R P :

Tek I 2.50KkS/5 3 Acqs
vC
E

Chi 100V ChZ “i.00v W T.005 Chi #  Zomv
50.0mv
(a) DFOC - speed (15.3 rad/s.div).

Tek EIH 50.0 5/5E 1 A1(_:qs
3

k]
il

CThi T.00V 500mv __ M20.0ms CRi1 5 —600mv

(b)DTC-T,._. stepinput function with complex controller

..., : : : : ]
(9 Nm/div). : :
Tek ST 2.50kS/s 3 Acas 4 : : ]

IR T.00V ChZz 1.00¥ ™ 1.00s Chi F —600mv
ch4 200mv

(b) DTC - speed with complex controller (13 rad/s.div).
Tek 50.0 S/sF 1 Achs

k]
El

@,
mec .

Chi T.00V  [FF 500mY  M20.0ms Chi F —600mv

8

mec

() DTC - T.
Nm/div).

.o; Step input function with PI controller (9

Fig. 10.Responses to step torque operation.

@R T00v  ChZ .00V M T1.00s Chi 7 —600mv
cha 200mv

Figure 12 presents the speed response when the speed varies ) _
from 6.28 rad/s to -6.28 rad/s. The response of the DTC (c) DTC - speed with PI controller (13 rad/s.div).

control with complex gain controller presented a slightytbr .
mplexg P g et Flg. 11.Speed forwad and reversal operation and current of phase
performance in steady state when such response is compare (10 A/div)

with the response of DTC with Pl controller and DFOC with
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VII. CONCLUSION

The concept of complex transfer function associated Witl?or induction motor operation at 4.16 Hz

to the fact that the speed reaches the reference value irateve
conditions although the complex gain had been designed
The complex

the complex gain controller allows the design and tuning the iy controller has presented a slightly better perforreanc

complex controller by using the closed loop system frequenc

response function of the controlled induction motor.

Tek TR 50.0 S/s 1 Acqgs
E
E 1

100V

M 1.00s Chi

Ch2
Ch4 50.0mv

(a) DFOC - speed (12.57 rad/s.div).

ek EfTEE 100 S/s 1 Acqs
|- T
5 T

Th2 1.00V M 500ms Ch1l /5 —600mV
Ch4 200mv

T.00V

(b) DTC - speed with complex controller (12.57 rad/s.div).
Tek EHEIH 50.0 575

100V M T.00s Chi # —600mv

™I 00V Ch3
Cha 200mv

(c) DTC - speed with PI controller (12.57 rad/s.div).

Fig. 12.Speed response to step operation and current of piféise
A/div).

The experimental

results presented the satisfactory

in steady state when such response was compared with the
response of the DFOC and to the DTC with Pl [17] although
the DFOC had less oscillation in the torque response [30].
Thus, the design of complex gain has an acceptable robgstnes
although a detailed analysis considering parameterstiarsa

and other several speed operations has to be done. Due to
the variable speed operation maybe it will be necessary to
construct a table with complex gains designed for each speed
desired speed or to an each speed range.

The complex gain controller overcomes the low speed
operation shortcomings in the rotor flux orientation cohtro
and in the direct torque control with a minor complexity
solution when compared with the solutions presented by
indirect flux detection by on-line reactance measurement
method [25], adaptive observer [26] or deadbeat [27].Thus,
the complex vector notation and the complex gain controller
become an interesting tool for implementation induction
motor drives.

APPENDIX

Three-phase induction motor variables and parameters:
PN = 23kW;Vy = 220 V; Poles = 4 R, = 2.229
O R, = 1.522Q; L,, = 0.238485 H; L, = 0.2470 H,
Ly =0.2497 H; J = 0.0067 K gm?.
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