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Abstract. A new four quadrant Field Orientation-
Controlled (FOC) three-phase induction motor drive
based on Hysteresis Current Comparison (HCC) has
been developed. The direct relationship between cur-
rent and torque in the Direct-Quadrature (dq) reference
frames has been exploited to develop an HCC scheme
that offers accurate tracking of current and torque based
on the pulse width modulation technique. The param-
eters of the inner HCC and the outer Proportional-
Integral (PI) speed controllers have been optimised to
obtain effective current and torque tracking. The com-
plete closed loop system being speed-controlled, four
quadrant operation has been obtained using step speed
input while the suitability of the developed model has
been tested under full load stress during steady state.
The results obtained satisfy the four quadrant opera-
tion requirements of advanced drives where controlled
starts and stops are essential in both forward and re-
verse directions. This is evident in the effectiveness of
current and torque tracking and ease of speed transition
from motoring to regeneration and vice versa. The de-
veloped model finds applications in advanced industrial
drives as an energy-efficient and cost-effective alterna-
tive to eliminate the effects of supply voltage drops and
mechanical load variations.
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1. Introduction

The induction machine, particularly with squirrel cage,
is the most commonly used machine in AC drives be-
ing very economical, rugged and reliable [1], [2], [3], [4],
[5] and [6]. Advances in power electronic devices and
fast digital processors have provided the possibility of
achieving high performance drives; even in four quad-
rants to satisfy the requirements of advanced drives [7]
and [8].

Four quadrant drives offer the opportunity for the
utilization of induction motor drives in high dynamic
applications where controlled starts and stops are re-
quired. If a machine is required to be brought to rest
from steady state, instead of abrupt supply interrup-
tion with its attendant hazards, the machine can be
made to work as a generator thereby the stored kinetic
energy can be effectively transferred to the source. This
saves energy and brings the machine to rest rapidly
and safely. To make a machine transit from motoring
to generating mode, power flow is reversed from the
machine to the power supply source. This is called re-
generative braking. The braking is accomplished by re-
generation implying that a negative torque is generated
in the machine as opposed to positive motoring torque
[@], [10], [11], [12], [13], [14], and [I5]. The Tab. sum—
marises the four quadrant operation modes where ‘4’
and ‘=’ represent positive and negative respectively.

Figure [I] illustrates the torque-speed profile in four
quadrant drives. A mirror image of the torque speed
characteristics of quadrant I is obtained in quadrant
IV. The quadrant I and IV represent forward motoring
and forward regenerating respectively in the forward
direction. Some applications require operation in both
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Tab. 1: Four quadrant operation modes.

Mode Quadrant | Speed | Torque | Power Output
Forward Motoring (FM) i + + +
Forward Regenerating (FR) v + — —
Reverse Motoring (RM) 11 — — +
Reverse Regenerating (RR) 11 — + —
Vds Rs + pLs _weLs me _weLm ids
Vgs wels  Rs+pLs  welm L, igs (1)
0 pLm —wsi Ly Ry + pLy —ws Ly Ldr
0 wlem me wler RT + er iqr
forward and reverse directions. In such cases, quadrant 2. Model of Three-Phase

IIT and quadrant II represent reverse motoring and re-
verse regenerating respectively.

Torque
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Fig. 1: Torque-speed profile in four quadrant drives.

Due to the direct proportionality of current and
torque, current control strategies are employed in Ad-
justable Speed Drives (ASD) to ensure that stator cur-
rents track their respective reference values. Prominent
among the current control strategies is the HCC due
to ease of implementation, excellent transient response,
attainment of maximum current limit and insensitive-
ness to load parameter variations [I6], [17], [18], [19]
and [20]. The developed HCC is a three-phase Pulse
Width Modulation technique and is suitable for a va-
riety of industrial applications such as variable speed
electric motor drives, uninterruptible power system, ac-
tive power filters, and more recently, in renewable en-
ergy conversion systems and hybrid vehicles [21].

In this work, a new four-quadrant Field Orientation-
Control (FOC) of three-phase induction motor drive
based on Hysteresis Current Comparison (HCC) is pre-
sented. The parameters of both the outer PI speed
controller and the inner HCC of the complete closed
loop speed-controlled system are optimised to obtain
optimum performance using four-quadrant step speed
input simultaneously with full load stress at designated
points during steady state to determine the suitabil-
ity of the developed speed-controlled system for four-
quadrant operation. The simulation environment is
MATLAB/Simulink software 2014 version.
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Induction Motor for Field
Orientation Control

The dynamic voltage equations of the squirrel cage in-
duction motor in the synchronously rotating reference
frame is shown in Eq. [22] and [23].

The electromagnetic torque and rotor dynamic equa-
tions are shown in Eq. and Eq. respectively.

_3PL,

= —— U, 4. —
e 279 Lr ( drlgs

(2)

\quids) 5

T. =T + Bw, + Jpw,, (3)
where v4s,v4s - d, g-axis stator voltages; Rs, R, - sta-
tor, rotor resistances; Lg, L,., L., - stator, rotor, mag-
netizing inductances; L;,., L, - rotor, stator leakage in-
ductances; L, = Ly + Ly, Ls = Lis + L, wr,we, wsi
- rotor, synchronous, slip speeds; P - number of poles;
Wel = We — gwr; V4, Uy - d, g-axis rotor flux linkages,
p - differential operator; T, - electromagnetic torque;
Ty~ load torque; B - rotor damping coefficient; J - in-
ertia constant.

The FOC controls the stator current vector of the
induction machine to achieve a precise and indepen-
dent control of torque and flux as obtainable in the
DC machines. The stator current vector contains the
torque controlling component, iy4,, and the flux control-
ling component, i4s as shown in the phasor diagram of

Fig.
From Fig. |2 field orientation is feasible because the
entire rotor flux ¥, is aligned to the d-axis thereby
making the g-axis flux component ¥, zero since they
are perpendicular to each other. Consequently, Eq.
reduces to Eq. () where T, c0i,s. Also, from the rotor
flux orientation described above, Eq. shows that

the rotor flux ¥, 0o ig4,.
_3PLy

€722 1L, )

U grigs.
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U, =Wy = Lyigs. (5)

Under this condition, the induction motor behaves
exactly as the separately excited DC motor where the
g-axis stator current 4, entirely controls the electro-
magnetic torque and the d-axis stator current i45 en-
tirely controls rotor flux.

g axis
A

(Y

Fig. 2: Phasor diagram of FOC for induction motor.

3. Complete Schematic of the

Speed-Controlled Drives
System

The induction motor in the scheme of Fig. [3] is fed
by an HCC PWM inverter operating as a three-phase
sinusoidal current source.

The rotor speed w, is measured by the speed sen-
sor and filtered by the 1°* order low pass filter. The
speed error between the actual rotor speed and its ref-
erence is processed through the Proportional-Integral
(PI) speed controller to nullify the steady state error
in speed. The output is restricted to an upper and
a lower limit to produce a realistic reference torque 77
The Fig. |4 shows the realisation of the reference phase
currents as expressed from Eq. (6) to Eq. (16). All ref-
erence or command values are superscripted with * in
the diagrams.

=0 ()
Lmids

, =T 7
1+ 78 (7)
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where 7, = L= is the rotor time constant.

R,
. 22 L. T
t e 8
‘s = 3P L, T, ®)
iy = /i + ik (9)
L’"L R7
=-m 1
Wsl \I}T L'r‘ qs ( 0)
P
0, = / (2wr +wsl> dt (11)
2 2
lgs = = (z’a cosl, +ipcos | 0, — 71-) +
3 3
) (12)
. T
+1i,. cos (06 + )) .
3
2 2
ias = 3 (iasinfe +ipsin (96 _ ;) n
(13)

visin (0 Jr27T
t.81n | 6, + — .
3

The reference phase currents are computed using the
inverse park’s transform as:

-k
lq

= iys cos O + iggsinbe. (14)

2 2
iy, = iy, COS <0€ — ;) + i), sin <9€ — ;T) . (15)

2 2
Qs =i}, cos (96 + ;) + 4}, sin (96 + ;) . (16)

The reference phase currents (i}, 4, and ¢) and the
corresponding actual phase currents (i, i, and i), ob-
tained by feedback, are compared using the control
logic shown below:

Algorithm 1

IF e < g0 = A OR (i, > iy~ Ai7 AND
. % -k dl( b,¢)
iab,e) < U(qp,e) T s AND % > 0)

THEN vg(1,3,5) = 1, Ug(4,6,2) =0
ELSE vg(1,3,5) = 0, vg(4,6,2) = 1
END

From the control logic shown above, it is seen that
error signals are generated and used to generate the
voltage gating signals for the switches of the Three-
Phase (3¢) IGBT Voltage Source Inverter (VSI). The
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Fig. 3: Complete schematic of the speed-controlled induction motor drive system.

HCC action is made possible by Ai¥, where A, which
is between 0 and 1 (0 < A < 1), is an adjustable
hysteresis window which determines the effectiveness
of current and torque tracking [24].

Current control is achieved by the appropriate fir-
ing of the power semiconductor switches S; to Sg of
the three-phase inverter. The inverter is supplied by
an adequately filtered DC source V.. Each phase cur-
rent to the motor is limited by the series RL branch
(R =0.001 Q and L = 5 mH).

4. Results and Discussions

The appendix A shows the parameters of the three-
phase induction motor under study. The complete
drive system is simulated for a four-quadrant opera-
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tion from 500 rpm to 500 rpm to 500 rpm and the
results presented and discussed. Best performance was
obtained by the appropriate tuning of the controller
variables as is the practice in industry. The optimal
control variables are: Proportional gain = 5, Integral
gain = 100, 1°* Order Low Pass Filter Time Con-
stant = 1.6-1073 seconds, Torque Limiter Upper Lower
=75 Nm/—75 Nm, Hysteresis Band A = 0.05.

The HCC property that determines the inverter
switching is shown in Fig. [6] for time range 0.2936 to
0.2938 seconds using phase ‘a’ for illustration. Simi-
lar behaviours are obtained for phases ‘b’ and ‘c’. The
phase ‘a’ current i, tracts the upper boundary i’ + Ad*
(increases) when switch S is conducting and tracts the
lower boundary i — Ai* (decreases) when switch Sy is
conducting. The Hysteresis Current Control action,

which makes i, to track its reference i, is seen as i,
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Fig. 4: Generation of reference phase currents.

S|z D sy 2Dsss| aDs

1Ovy
g

sj D,

iy iny i

Fig. 5: Power circuit of three-phase IGBT VSI.

moves between ¢} + Ad¥ to i} — Adi¥ as switches 51 and
Sy conduct alternately. The narrower the hysteresis
band ¢, the more accurately the actual current i, tracts
the reference current i,. Smaller hysteresis bands im-
ply higher switching frequency and vice versa. This
may constitute a practical limitation on the power de-
vice switching capability due to switching losses, which
need to be mitigated.

On no load, a reference speed of 500 rpm is applied
until 0.4 seconds when a speed command of —500 rpm
is made, followed by a step up to 500 rpm at 0.8 sec-
onds to complete a drive in four quadrants as shown in
Fig.[7l The rotor position remained on the increase for
as long as the motor speed is positive (Forward Mo-
toring, FM and Forward Regeneration, FR). As soon
as the rotor speed becomes negative, the rotor posi-
tion reverses orientation (Reverse Motoring, RM and
Reverse Regeneration, RR).

At steady state during reverse motoring, full load
step input is applied and removed at 0.65 seconds and
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Fig. 6: Hysteresis current and gating signals for phase A.
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Fig. 7: Reference speed, rotor speed and rotor position.

0.7 seconds respectively as shown in Fig. It is also
repeated during forward motoring at 1.05 seconds and
1.1 seconds respectively. The effect of sudden gain and
loss of load is evident in the rotor speed and on the
phase currents.

£ Mo
P - i,
3
g
o 4
2
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-80 ! L
0 0.2 0.4 0.6 0.8 1 1.2
Time (sec)

Fig. 8: Reference torque,
torque.

electromagnetic torque and load

Comparing Fig. [9 and Fig. the actual phase cur-
rent accurately tracts the reference both during tran-
sient disturbances and steady state condition. The
switching period, is seen from the current waveforms,
to be the same both for positive speed of 500 rpm and
negative speed of —500 rpm.
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Fig. 9: Reference phase currents.
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Fig. 10: Actual phase currents.

Motor response in all four possible modes of opera-
tion namely Forward Motoring (FM), Forward Regen-
eration (FR), Reverse Motoring (RM) and Reverse Re-
generation (RR) are obtained as shown in the Torque-
Speed profile of Fig.

100,

e R

400 600 800

Electromagnetic Torque (Nm)
o
7

—600 —400 —200 200

Rotor Speed (rpm)

: Four quadrant torque speed profile.

5. Conclusion

A new four quadrant field orientation-controlled three-
phase induction motor drive based on Hysteresis Cur-
rent Comparison (HCC) has been successfully realised.
By applying step transition in speed and full stress
step loading, motor operation in all the four possi-
ble quadrants of operation namely Forward Motoring
(FM), Forward Regeneration (FR), Reverse Motoring
(RM) and Reverse Regeneration (RR) was obtained.
This is what obtains in numerous applications in in-
dustry where controlled starts and stops are required
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in both forward and reverse directions. Dynamic brak-
ing occasioned by regeneration in both the forward and
reverse direction proves to be a better mean of stop-
ping the motor rather than the usually hazardous op-
tion of supply interruption. The controller variables
of the developed speed-controlled drives system were
optimised to obtain optimal drives performance. The
results presented show that the developed HCC algo-
rithm offered excellent dynamic response and steady
state performance necessary in advanced motor drives.
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Appendix A
AC Drive Parameters

Tab. 2: Parameters of the three-phase induction motor.

Power rating (Hp) 5.4
Rated Line Voltage (V) 400
Rated Frequency (Hz) 50
Stator Resistance (w) 1.405
Stator leakage inductance (H) 0.005839
Rotor Resistance Referred to Stator (w) | 1.395
Rotor Leakage Inductance

Referred to the Stator (H) 0-005839
Mutual Inductance (H) 0.1722

No. of Poles (-) 4

Motor Inertia (Kg-m?) 0.0131
Motor Friction Factor (-) 0.0002985
Direct Axis Rotor Flux (-) 0.96172
Speed (rpm) 1430

Full Load Torque T, (Nm) 26.71
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