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Abstract

This paper presents the characteristic behavior of direct vector control of two induction motors with
sensorless speed feedback having the same rating parameters, paralleled combination, and supplied
from a single current-controlled pulse-width-modulated voltage-source inverter drive. Natural
observer design technique is known for its simple construction, which estimates the speed and rotor
fluxes. Load torque is estimated by load torque adaptation and the average rotor flux was maintained
constant by rotor flux feedback control. The technique’s convergence rate is very fast and is robust to
noise and parameter uncertainty. The gain matrix is absent in the natural observer. The rotor speed is
estimated from the load torque, stator current, and rotor flux. Under symmetrical load conditions, the
difference in speed between two induction motors is reduced by considering the motor parameters as
average and difference. Rotor flux is maintained constant by the rotor flux control scheme with feed-
back, and the estimation of rotor angle is carried out by the direct vector control technique. Both bal-
anced and unbalanced load conditions are investigated for the proposed AC motor drive system.
Experimental results presented in this paper show good agreement with the theoretical formulations.

Key words: estimator, field oriented control, induction motor, natural observer, sensorless vector
control, speed control

Introduction

Controlling of AC motor drives in closed-loop strategy requires the speed transducers, such as tacho
generators, resolvers, or digital encoders, to obtain the speed information that leads to the expensive
system. In speed sensorless vector control, the speed can be estimated based on the information of line
voltages and currents, and its accuracy is mostly meant for a single-inverter-driven single induction
motor. In the case of practical needs such as electric traction and steel processing sectors, two or three
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similar rated induction motors are required with parallel operation fully controlled by a single-stage
inverter drive (Bose 2001; Guzinski et al. 2009; 2010). If the machines have the same speed-torque
characteristics, then speeds are equal, and torque-sharing rates are equal in all operating conditions.
Practically, there will be observable differences between behaviors of machines. The speeds may not
be identical because of slight difference of wheel diameters. The speed-torque characteristics that
cause the different torque sharing at the same speed for slightly far from being identical machines
are shown in Fig. 1 (dark blue—motor 2, green line—motor 1). If the wheel diameter of machine 1
is a bit larger than that of machine 2, then the torque sharing of machine 1 will be higher in motoring
mode, but lower in braking mode, the corresponding characteristic of which is represented in Fig. 1
(blue line). In practice, both dissimilar machine characteristics and unequal wheel diameter problems
exist. In these circumstances, the speed-torque behavior of both motors differs and an unbalanced
condition arises (red line—motor 1, pink line—motor 2). If average currents flow through the stator
windings and rotor fluxes are considered to be induced under unbalanced load conditions, then the
speeds of both motors deviate much from the command speed. To reduce this speed variations, aver-
age and differential currents are used to determine the reference current.

Four induction motors controlled by a single-stage inverter drive as described by Taniguchi et al.
(2006) and Kono et al. (2000), and proportional-integral (P-I) current controllers were used to gen-
erate d-q axes reference voltage signals. Simulation results of a four-motor drive system and the gen-
eral equation for n number of motors connected in parallel were described by Kono et al. (2000).
Additional proportional speed controllers were implemented with existing P-I controllers to improve
the performance under unbalanced load conditions. In the case of multimotor drive systems, the cur-
rents flowing both average and difference through the stator as well as rotor fluxes were considered to
improve the performance under unbalanced load conditions (Nishimura et al. 2007; Kawai et al. 2002;
Inoue et al. 2011a, 2011b; Ruxi et al. 2006; Wei et al. 2006; Ando et al. 2004; Kouno et al. 2001;
Matsuse et al. 2002; Kazuya et al. 2012; Yoshinaga et al. 2008). Most of the research papers dealt only
with the hardware results for step change in speed under zero load conditions. A low-cost matrix con-
verter with slip-frequency vector control is discussed by Yoshinaga et al. (2008), Osawa (20114,
2011b), and Yamazaki et al. (2012). To minimize the speed difference among the induction motors
under unbalanced load conditions, two-degree-of-freedom control was applied. Two more P control-
lers were introduced to improve the performance in addition to the P-I controllers presented in both
speed control loops. In all the above literature, the estimation of speed and rotor fluxes were employed
by the adaptive observers. The selection of gain matrix constant k is a tedious task by adaptive observ-
ers where the typical value of k is taken as 0.5. A new hybrid control method (speed-torque
controller) projected on equalized load with power sharing between two drives for cement kiln oper-
ation is discussed by Bogiatzidis et al. (2012), Karanayil et al. (2007), and Wlas et al. (2008).

T Ianqnc(TJ ll Fig. 1. Speed-torque characterlsjucs
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Parallel-connected induction motors fed by a single-stage inverter were reviewed in Trentin et al.
(2009) in light of merits and demerits of each method.

The performance of the induction motor drive is affected by motor parameters particularly at low-speed
operation. In particular, the indirect field oriented vector control drive is very sensitive to rotor resis-
tance. However, the stator resistance effect is significant in low-speed operation and by knowing its good
precision value, the accurate estimation of rotor speed can be obtained. The variation of rotor resistance
found to be 100% at the maximum due to rotor heating as reported by Rashed et al. (2003), Barut et al.
(2007, 2008), and Bowes et al. (2004). In particular, small deviations in stator resistance, rotor resistance,
and (transient and magnetizing) inductance value cause oscillations in estimated speed. Furthermore,
performance deterioration can be ensured by neglecting iron loss of the induction motor model, which
in turn causes errors in rotor flux, slip, and torque calculations. Neural networks, genetic algorithm,
model reference adaptive system, and extended Kalman filter are used to estimate the unknown param-
eters accurately (Rashed et al. 2003; Barut et al. 2007, 2008; Bowes et al. 2004).

To overcome the difficulties stated above, natural observer is used to calculate the estimation of the
speed, stator current, and rotor fluxes of both motors, as carried out in this paper. The direct field ori-
ented vector control scheme is employed to calculate the flux angle. Average rotor flux derived from
both induction motors is kept constant by rotor flux feedback control (Gunabalan et al. 2015, in
press). Average and differential currents flowing through the stator and rotor fluxes are used to calcu-
late the reference current. Experimental results are presented for balanced and unbalanced load envi-
ronmental circumstances to prove the effectiveness of the method, as proposed.

The paper is organized as follows: “Analysis of speed estimation using observer” section discusses the
concepts of natural observer, “Parallel connected two induction motor drive” section explains about
necessary equations, “Experimental implementation and results” section presents the experimental
results under various running conditions, and finally ends with “Conclusions” section.

Analysis of speed estimation using observer

The structure of the natural observer is similar to and as well as its characteristic is identical to the
induction motor for the given input voltage and load torque condition. It should be noted that the
convergence rate of the observer is faster than that of the motor in reaching the steady-state behavior.
For estimating the rotor speed by natural observer, the fourth-order induction motor model in stator
flux oriented reference frame is used, where stator currents and rotor fluxes are considered as state
variable parameters.

Therefore, a three-phase induction motor can be represented in state space as follows:

dx
—=Ax+B 1
q = Ax+Bu (1)
Y=Cx )
where
- Ly oL,
Ti 0 e TL %s 0
- -w,L, L, o
Ao 0 T_i UL ILe |, g— 0 a%s C= 1 0 0 O
i g 21—, | 0o 0] 0100
0 LTm w, —Vl 0 0
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i _ Rs + Rr(Lm/Lr)2

;L =0L,.
T, L] : :
where
2
6 =1——", leakage coefficient;
ST

x=liy e 03 W)LY= ig]l=igu=[Vy Vilh
R, R;: stator and rotor self-inductance (Q), respectively;

L,, L, stator and rotor self-inductance (H), respectively;

L,: mutual inductance (H);

®,: rotor time constant=L,/R;;

7,: motor angular velocity (rad/s).

Figure 2 shows the block diagram representation of the natural observer, and the system described by
eqs. (1) and (2) is exactly in the same form of the induction motor model without any external feedback.
Estimation of the stator currents and the rotor fluxes can be represented by the following equations:

A

dx
—=AX+ Bu 3
i (3)
Y =cCk 4)
where
-1 Ly 0, Ly
0 oy T L 9
=1 _Aer Lm S
A= 0 Ts F!Lr LiLz, . B= 0 ,,LLg ;C= 1000
oo 2 —a, 0 0 0100
L . _
0 T—’:l w, r_,l 0 0

s[5 s AS as 1T
x=lig iy @y Pyl

& 4 2 1T _ 4
sooou=[Ve Velh o Y=l il =
The estimated quantities are denoted by “A”.

Fig. 2. Block diagram of a natural

i observer.
i 3-phase i
i voltage e Vass ]
i source : E
i inverter '-----------------------7 --------- '
é Natural Adaptation E
{ observer algorithm :
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Load torque is estimated by the active power error because the correction term and T load torque are
kept within two known limits to avoid unstable oscillations. Estimation of load torque is given by
Gunabalan et al. (2015, in press):

TL = KDeP + erp + KI / €p dt hmltlng TL (S (Tmin)Tmax) (5)
where
ép= Vfis(ffis - igs) + VSQSGZS - iZS) (6)

Estimation of rotor speed can be obtained from the estimated stator current, rotor flux, and load

torque as follows:
s (N (Lo Tos 56 _ s ] Tu
= () (1) () formin] .

where 1, is the number of pole pairs and J is the inertia of motor load system (kg m?).

Parallel-connected two induction motor drive

The current flowing in the parallel-connected induction motors supplied from a single-stage inverter
drive is shown in Fig. 3 (Yoshinaga et al. 2008). If the current flowing in each motor is unbalanced,
and if there is a slight difference between the wheel diameters or the machine parameters, this causes
unbalanced load conditions where i;; will not be equal to i,. In this situation, the average current and
torque can be expressed as follows:

i iS + iS
= ®)
o1 Ve Fig. 3. Configuration of parallel-connected
. induction motor drives.
3-phase
voltage source
inverter
i l ls A
Ig Isy
B
[
|
:" Induction '.i Ais :" Induction \
\ motor1 [  motor 2
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where T, and T, are derived from the speed controllers.
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)

Average current i, is compared with the reference current if to generate the control voltage for the

inverter. Figure 4 shows the configuration of parallel-connected induction motor drive fed by a sin-
gle-stage inverter drive; main components are natural observer with adaptive load torque estimation,
calculation block of reference current values, and current regulated pulse width modulated (CRPWM)
voltage-source inverter. With the measured line voltage and currents, the speeds of both motors are
estimated and the torque reference of each motor is calculated from the speed error using P-I control-
lers. Correspondingly, the space vector model of induction motor is used to derive the equations for i
and i, as follows:

Vs = ig R+ pg + jooy,

Vs = 1gsRs + p@is + jwepgs

0= inRr +P¢’Zr +j(we - wr)¢;r

0= i;rRr +p§0;r +j((1)e - w”){pgr

e 7T ie e
Pas = LSlds + Lmldr

(10)

(11)

(12)

(13)

(14)

Fig. 4. Configuration of parallel-connected induction motor drives.
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(p;s = LsiZs + Lm icelr
- — ;e ;e
(pdr - Lfldr + Lmlds

(/’Zr = Lri;r + Lm igs
3P /(L . ,
Te = 55 (Tm> ((pfirZZs - (/’Zrlf}s)
r

From eq. (12),

i = —pfp§, _j(we - wr)(pgr
dr Rr

By substituting this expression in eq. (16), we get

_p‘pfir _j(we - wr)(ﬂfir
R

‘/’Zr =Lr + Lmisls

r

Further after simplification,
oy, +{S; +j(w, — )}y, = L,S,ig
Pogr + S + j(@e = @) Yo = LSy
From eqs. (21) and (22), the general equation is represented as
poi S, +j(@e = @)}y = Uig
where

R
U=S,L,; S, =L—r

.
The equations for motors 1 and 2, which is connected in parallel, are

Py + {8 + (@, — wn) by = Ui

P +{Sp +j(w. — 0) ooy, = Uniy
respectively.
By averaging and differential averaging eqs. (24) and (25), we obtain

ppe+ 1S, + (0, —®,)} + {AS, — A, }Ap: = Uit + AU A#

The differential parameters between the two motors are defined as

_ S$,-S
AST=%; Am, =~

Wy — Wy 7
—— AU=

> r

2 2

The above equation can also be written as
po; + S, +j(w, — @)} + {AS, — jAD, }AG; = Ui + AUAZ

and by separating the real from imaginary part,
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pa;r + gr(to;r - (we - Er)agr + AgrAafir + AEVA@Z' = U;ZS + AUA;ZS (28)
For constant flux, p@¢, = 055, = 05, = 0.

After simplification, we have

oSG, + DD AT, A AS, AP, — AUAI,
ds = U
When the stator current, rotor flux, and speed are estimated using the observer, eq. (29) is
represented as

(29)

- S35 + A, A, + AS, AP, — AUAT,

= = (30)
Torque equations for motors 1 and 2 are as follows:
L1
T =PL : (i X ¢7) (31)
rl
Lz [,
T, = pL "2 (1 X 0fy) (32)
T.
By averaging and differential averaging eqs. (31) and (32),
T =pM’ (i X §¢ + A X Agt) (33)
T* :pm/(;(eﬁagr - ;Zsyfir + A;ZSAagr - AESSAEE#) (34)
i¢; controls the average torque and i is zero.
i 95, + AiS, X AGE, — A, X A, (35)
L _ A, X AGS, + A, X AGE
_ 7 qs dr ds qr
o = M ( 3 6)

qs —
Do

When the stator current and the rotor flux are estimated using the observer, eq. (36) is

represented as

T e I~ e =

ﬁ - Alds X A(pgr =+ Alqs X Aqﬂ;r

i = — (37)
* [
. T,- (ATM,’)AT
TP M " (38)
- ()
=
where
— U +U, — U,-U
U=S,L, U= 1t g Bt
2 2
—/_1(ﬂ M) /_1<Lm2 @)
2 Lrl LVZ 2 Lr2 Lrl
FACETS | 2016 | I: 1—16 | DOI: 10.1139/facets-2015-0004 8

facetsjournal.com


http://dx.doi.org/10.1139/facets-2015-0004
http://www.facetsjournal.com

FACETS Downloaded from facetsjournal.com by 130.225.198.245 on 12/15/17

Gunabalan et al.

ACETS

Tr — Wy —; Wy AE, — Wy 5 Wr1
gr — Srl + Sr2 Agr — Sr2 Srl

L, L,»: rotor self-inductance of motors 1 and 2, respectively (H);
L,1, L,»: mutual inductance of motors 1 and 2, respectively (H);

01, 0y: angular velocity of motors 1 and 2, respectively (rad/s).

Table 1. Main parameters of parallel-connected two induction motor drive.

Rated output power 745.6 W
Number of poles 4
Rated speed 1415 rpm
Rated voltage 415V
Rated current 1.8 A
Stator resistance (R;) 19.355 Q
Rotor resistance (R,) 8.43 Q
Stator inductance (L;) 0.715 H
Rotor inductance (L,) 0.715 H
Mutual inductance (L,,) 0.689 H

Fig. 5. Experimental set up of parallel-
connected induction motor drive controlled
by DSP TMS320F2812.
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Fig. 6. Experimental results for balanced
load conditions: (a) estimated speed response
(green—motor 1, yellow—motor 2), (b) esti-
mated load torque response (pink—motor 1,
purple—motor 2), (c) phase A stator currents
(pink—motor 1, purple—motor 2) [500 rpm/
div; 5 Nm/div; 1 A/div].
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Fig. 7. Experimental results for unbalanced
load conditions when motor 1 loaded: (a) esti-
mated speed response (green—motor 1,
yellow—motor 2), (b) estimated load torque
response (pink—motor 1, purple—motor
2), (c) phase A stator currents (pink—motor
1, purple—motor 2) [500 rpm/div;
5 Nm/div; 1 A/div].
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Fig. 8. Experimental results for unbalanced
load conditions when motor 2 loaded: (a) esti-
mated speed response (green—motor 1,
yellow—motor 2), (b) estimated load torque
response (pink—motor 1, purple—motor
2), (c) phase A stator currents (pink—motor
1, purple—motor 2) [500 rpm/div;
5 Nm/div; 1 A/div].
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Experimental implementation and results

Two identical three-phase squirrel cage induction motors rated at 745.6 W (1 HP) are used for
parallel-connected configuration (Gunabalan et al. 2015, in press). Table 1 shows the rating and
parameters of the induction motor used for experimental task. The direct field oriented sensorless
vector control scheme is used and the rotor angle is calculated from the estimated rotor fluxes. The
complete experimental prototype set up is shown in Fig. 5. To estimate the speeds and rotor fluxes
of induction motors, AD5024 bipolar analog to digital converter with 12-bit resolution measures
the currents and voltages. The measured signals are processed in the TMS320F2812 digital signal
processor (DSP) to estimate the speed, rotor fluxes, and stator currents.

Balanced load conditions

Initially, the reference speed is set at 1000 rpm (70% of rated speed) under no-load conditions and both
motors follow the reference speed. After a particular time interval, a load of 4 Nm (80% of full-load
torque) is applied to both induction motors. Figure 6a illustrates the estimated speed waveform
obtained by the experimental set up, which verifies that both motors follow the speed command. The
estimated torque waveform is shown in Fig. 6b. It follows the actual load torque representing that the
system is stable under balanced load conditions. Phase A stator currents of motors 1 and 2 are depicted
in Fig. 6¢, which follows the torque demand and further confirms the balanced condition of the system.

Unbalanced load conditions

An unbalanced load condition arises, in particular, whenever there is a slight dissimilarity in wheel
diameter. To illustrate such conditions in the experimental set up, unequal load is applied to both
motors. Both induction motors run at a constant speed of 1000 rpm under no-load conditions ini-
tially. Now, motor 2 is loaded with 4 Nm keeping motor 1 at still no-load condition. The estimated
speed response obtained under these circumstances is depicted in Fig. 7a. It is indicated that the esti-
mated speed follows the speed set command and deviation occurs when motor 2 is loaded; again it
backs to the set value by the PI regulator action. The estimated torque responses of motors 1 and 2
are shown in Fig. 7b and phase A stator currents of motors 1 and 2 are given in Fig. 7c. Stator cur-
rents confirm the unbalanced running condition, as the phase current of motor 2 is higher than that
of motor 1, when motor 2 is loaded.

Furthermore, the unbalanced condition is verified by setting motor 1 loaded and motor 2 always
unloaded. Correspondingly, the estimated speed response is depicted in Fig. 8a, torque response of
motor 1 and motor 2 is shown in Fig. 7b, and phase A stator current of motors 1 and 2 is illustrated
in Fig. 7c.

Conclusions

In this paper, the natural observer with load torque adaption technique was presented, in particular to
estimate the speed and load torque of motors connected in parallel and fed by a single-stage inverter
drive. The structure of the natural observer was simple. An algorithm based on direct vector control in
the stationary reference frame was developed, including the natural observer for parameter estima-
tions. The proposed algorithm has been implemented completely using the TMS320F2812 DSP
with standard equal rating induction motors. The experimental results for the parallel-
connected induction motor drive were demonstrated in literatures only for step change in speed at
no load. In this work, experimental results have been provided for multistep change in speed, under
balanced load and unbalanced load conditions to prove the effectiveness of the proposed direct vector
control with the natural observer adaptation technique. The results shown in this paper always con-
firm the theoretical hypothesis.
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