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Current-Regulated V/Hz Control
of Induction Motors

Lauri Tiitinen, Floran Martin, Marko Hinkkanen, Senior Member, IEEE, and Lennart Harnefors, Fellow, IEEE

Abstract—This paper deals with current-regulated V/Hz
control for induction motors. The analyzed control method
incorporates an outer voltage control loop and an inner current
control loop. Consequently, the stator current can be limited and
unnecessary overcurrent trips avoided. Stability of the control
system is analyzed by means of small-signal linearization. It
is shown that the current-regulated V/Hz control has similar
regions of instability as conventional V/Hz control. Static output
feedback can be used to increase the stable operating region and
improve system damping.

Index Terms—Current limitation, induction machine, scalar
control, stability.

I. INTRODUCTION

In high-performance induction motor drive applications,
field-oriented control schemes are the typical choice. For less
demanding applications, the V/Hz-controlled drive remains a
popular alternative, despite its inferior dynamic performance
and reference-tracking capabilities. In many applications,
however, the simplicity and ease of commissioning of the
V/Hz control outweigh its drawbacks.

Due to its open-loop nature, the V/Hz control calls for
the inclusion of two operating-point correcting measures,
compensation for the stator resistance voltage drop and
compensation for slip [1]. The former ensures the adequate
production of flux, especially at low speeds, while the lat-
ter corrects the speed deviation originating from the load-
dependent slip. Compensation strategies for the voltage drop
in stator resistance include boosting the stator voltage at low
speeds [2] and calculating the voltage drop dynamically from
the stator resistance estimate and measured stator current
[1]. The slip can be compensated for by altering the speed
reference with a slip estimation based on either name plate
data [3] or flux estimator [4].

In addition to these well-known operating point altering
issues, the induction motor in open-loop control exhibits
operating regions of poor dampening and small-signal insta-
bility [5], which arise from the nonlinear coupling between
the electrical and mechanical subsystems [4]. These regions
of instability are found in the mid-speed region under low
and medium loads and in the low-speed region under heavy
loads [4].
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For the unstable mid-speed region, static output feedback
from the stator current is a common remedy, for which several
numerical tuning approaches are found in the literature [6],
[7]. Recently in [4], a more analytical, passivity-based ap-
proach is taken to mitigate the small-signal instability in the
middle-speed region. The unstable low-speed region under
heavy loads is of different nature and likely not stabilizable
by means of V/Hz control and static feedback compensators

[4].

Moreover, the limitation of stator current is troublesome
in V/Hz control. While many modern V/Hz control methods
utilize stator current measurement in their control algo-
rithms, the current is not directly regulated. This severely
complicates the performance of V/Hz control schemes in
overload conditions as the safe operation of the inverter
requires that the stator current is kept within its limits. Means
to arrest a stator current surge in overload conditions are
limited, often resulting in undesirable protection circuit trips.
Conventionally, current limitation is achieved indirectly by
decreasing the stator frequency or voltage when either the
stator current or the estimated slip frequency reach their
respective limits [8]. A current limitation method based on
two proportional-integral (PI) controllers regulating both the
stator voltage reference and the stator frequency reference
is proposed in [9], but the mid-speed instability phenomena
is disregarded. Furthermore, as the current is not directly
controlled, an overcurrent trip may still occur.

In the method presented in [10], a current controller
is applied to V/Hz control. In this control scheme, two
control loops, an inner current control loop and an outer
voltage control loop, are utilized to emulate the dynamics
of the open-loop V/Hz-controlled induction motor drive. The
presented method retains the benefits of V/Hz control desired
in medium-performance applications, while the added current
control loop improves operation during overload events.

In this paper, the current-regulated V/Hz control scheme
presented in [10] is further studied by means of stability anal-
ysis, simulations, and experiments. The results are compared
to open-loop V/Hz methods. It is shown that the current-
controlled approach suffers from similar instability issues as
open-loop V/Hz methods, with the unstable regions being
comparable in size if not larger, depending on the tuning
of the voltage controller. Furthermore, improvements and
tuning guidelines for the current-regulated V/Hz control are
proposed.
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Fig. 1. Equivalent circuit of the induction motor in stator coordinates.

II. SYSTEM CONFIGURATION

In this work, vector quantities are presented using real-
valued column vectors, e.g. the stator current 45 = [isq, isq]T
Furthermore, block matrices, such as the identity matrix I =
[§9] and the orthogonal rotation matrix J = [? '], are
adopted for enhanced readability. Per-unit (p.u.) quantities
are used in the analysis.

The standard inverse-I' model is used to model the
induction motor [11]. The equivalent circuit of the model
is shown in Fig. 1. The stator current 25 and the rotor flux
linkage 1 are chosen as the state variables and the state
equations are represented in synchronous coordinates rotating
at the stator angular frequency wg by

dis .
Lgd—z = — (RoI+ weLod)is + (ol — wind) thp + us
d
% = Ryis — (oI + w.d)by

(1)
where R, = Rq + RR is the total resistance, ug is the stator
voltage, &« = Rg /Ly is the inverse rotor time constant, wy,
is the electrical angular speed of the rotor, and w, = wgs —wp,
is the slip angular frequency. The electromagnetic torque is
given by

™ = iy JPg )
and the mechanical subsystem is modeled as
dwm
Jm% = Tm — 7L 3)

where J,, is the total moment of inertia and 7y, is the load
torque.

III. CONTROL SYSTEM

Fig. 2 displays the control system, consisting of two
loops. The inner loop regulates the stator current, while the
outer loop controls the stator voltage.

The stabilization method presented for V/Hz control in
[4] is adopted here for the current-regulated V/Hz control
approach. The stabilizing feedback requires the operating-
point stator current, which can be acquired by means of low-
pass filtering the stator-current reference (the output of the
voltage controller). The low-pass filter is governed by

di 1pr
dt
where as is the filter bandwidth. Alternatively, the measured
stator current could be used to calculate the operating-point
stator current.

= of (is,ref - is,lpf) (4)

Us ref

W, ref Voltage | *s;ref| Current 53 =
+ control control |ug ref’]i Y
. ) ,
Wr
’ 1
Slip s,1pf ws 1
comp. - Js
s+ag ¢ is
—9sd

Fig. 2. Block diagram of the voltage-controlled current-regulated V/Hz
control method.

A. Voltage Controller and Stator Frequency

The reference for the voltage controller resembles that of
the V/Hz-controlled induction motor and is given by

/

u’s,ref = RsiS,lpf + wS‘]ws,rcf + K(’I:Spr - iSJef) (5)

where the first term is the RI compensation, g .
[sref, 0]T is a constant stator flux reference, ws is the
internal stator frequency reference and the last term is a
stabilizing feedback from high-pass-filtered stator current
reference, where K is a 2 X 2 gain matrix. It should be noted,
that the proportional part of the voltage controller originally
in [10] is omitted here, as it would result in an algebraic loop
in continuous time design.

The output of the voltage controller is the integral state
s ref governed by

dis,ref
dt

= kV (u;,ref - usﬁref) (6)

where k. is the integral gain of the voltage controller and
U ref 18 the output of the current controller.

The internal stator frequency is given by the voltage
controller block as

Ws = Wm ref 1 wr + kT (is,lpf - is,ref) @)

where wn, ref 18 the rate-limited reference frequency given by
the user, w, is the approximate slip frequency and the last
term is a static stabilizing feedback from the stator current
reference, where k is a 2 x 1 gain matrix. Orientation of the
control coordinate system follows the stator flux reference
angle calculated by integrating the stator frequency reference
in (7).

The two gain matrices K and k function as injection
points for altering the dynamics of the system. The gain
matrices are selected according to the passitivity-based gain
design presented in [4], i.e.

K = —RJI+ kL, (oI + wyJ)
ko RrJPgg 3)

kj =
YRo



where k and k,, are a positive design parameters and g is
the operating point rotor flux gy = 9 s — Lots 1pt- For
the slip compensation, the slip frequency can be estimated as

A RRws,refisq
W =—S

PRro
It should be noted that compared to V/Hz control, the
current-regulated V/Hz control method introduces several
additional possible static output feedback injection points. In

this paper, only stator voltage and frequency were used as
injection points.

€))

B. Current Controller

The PI-type current controller regulates the stator current
to the reference given by the voltage controller. The output
of the current controller is

Us ref = kpe + Wi — Tats (10)
where e = g ;o — 5. The integral state w; is governed by
dwi
dt
and the control gains are selected according to [12] as
ry = oLy — Ry
kp = oLy 12)

ki = a’L,

= ki(":s,ref - "'s) (11)

where . is the desired current control bandwidth.

IV. ANALYSIS
A. Steady-state Operating Point

Stability of the nonlinear model in (1) can be analyzed
by means of linearization. Here, operating point values are
denoted with subscript 0. As a first step, the steady-state op-
erating point is solved by substituting d/d¢ = 0. Three scalar
quantities given as inputs are sufficient to uniquely define the
operating point of the induction motor [4]. Here, the stator-
flux magnitude 14, stator frequency wgy and the angular
slip frequency w,o are chosen. The other operating-point
quantities can be calculated using these, e.g. the operating-
point stator current is obtained from (1) as

ol + wd
Rr
The operating-point rotor flux can be solved as a function

of stator flux by noting that ¥, = L, %50+ and applying
(13),

Yro (13)

150 =

R -
Yo = 7 (Wil +wod) (14)

where wy, = (1/Ly + 1/Ly)Rgr is the breakdown slip
frequency. Finally, applying (13) to (2), the steady-state
electromagnetic torque can be expressed as

Wr0
Rr

2
Yro¥ro = 7H¢R§l il (15)

Tmo =

B. Linearized Small-Signal Model

The local stability of the control method is studied
by means of small-signal linearization. For simplicity, the
inverter is assumed to be ideal, i.e., s = U rer. Variables
marked with § denote the small-signal deviation about an
operating point, as an example the small-signal stator current
is 045 = 15 — 159. The model in (1) is linearized as [4]

M%n_{ﬁlwai@ﬂwmn}Mm

dt RRI —al — wred
A
B, Jio] ®—1J¢
+ Lo dus + s 0 s + Lo RO:l ] m
[ 0 } : {—me ST TR |
N—— ——
B bs
(162)
Jis = [T 0] 6 (16b)
~——
Cs
(16¢)

6mm = [~PRod  dad] 6Tm
N——

Cm

T
where dx,, = [513 , 51#%} is the state vector of the plant
model.

The low-pass filter (4), the voltage controller (5), and
current controller (10) are collected in matrix form, yielding

A5 0 ki1 0
dtc =|—kJI —kikI kyRJI| dx.
0 0sz —afI
A
© 17a
—kil 0 (172)
+ |kv(kp +7a)T| 0ts + |y T| 0uf of
0 0
B. B,
T T 17t
where dx. = (5wiT,5is7ref,6isylpf is the state vector of

the controller, % .¢f is the voltage controller state variable
(or the current reference), and i 1,¢ is the state variable of
the low-pass-filtered current reference. The input matrix B,
provides an injection path for an additional voltage reference,
i.e. for the compensator.

High-pass-filtered current reference is used in the voltage
and frequency compensators. It is constructed using the low-
pass-filtered current and its output matrix is

(s/lls_’hpf = (Sis’ref — (Sis’lpf = [0 I —I} 5wc
~——

Ct

(17b)

The state matrix and the input matrices of the full
electrical system are constructed from these two subsystems
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where dx = [0zl 6xI]T is the combined state vector. The
linearized output equations are extended as

6is = [CS 0276} ox
————

Cs

(18b)

57‘1\/[ = [Cm 01,6] ox
——

CM

(18¢)

(%S,hpf = [02,4 Cf] ox

————
Cr

(18d)

The control law (10) in matrix form is given by
dus = kp (%5 rer — 0%s) + 0w; — r0ts = — Koz (19)

where K. = [(kp +ra)I 0 —I —k,I 0]. The control
laws of the voltage and frequency injection compensators in
(5) and (7) are gathered in matrix form, yielding

Gt et = — (K + Ttpook™) i
Sws = —k T 8ig npt

The closed-loop system matrix At of the electrical sub-
system is acquired by inserting the linearized stator voltage
control law (19) and the linearized control laws of the stator
voltage and frequency injection compensators (20) into (18a),
ie.

Ar = A, - BsK. — {BU (K + J1/;sOkT) + bssz} Cr
2D

Finally, the overall system matrix is obtained by intercon-
necting the electrical and the mechanical subsystems

| Ar  bum
AF o |:CM/Jm 0 :|

(20)

(22)

C. Stability Analysis

The stability of the current-regulated V/Hz control
method is analyzed by studying the eigenvalues of the overall
system matrix of the current-regulated V/Hz control in (22).
It is revealed, that the real part of the pole-pair corresponding
to the current controller is placed at —a. and the real part of
the pole-pair corresponding to voltage controller is placed at
—a,, when the voltage controller integral gain is selected as

Ay — Q¢
= T,

Next, the effect of the voltage integral gain is studied. In
Fig. 3, the eigenvalues of the system matrix corresponding to
the open-loop V/Hz-controlled induction motor [4] (shown in

(23)
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Fig. 3. Root loci of the system defined in (22) using the parameters of the 45-
kW induction motor in no-load condition as stator frequency wsg varies. In
(a) the static feedback compensation is disabled (K = 0,k = 0) and in (b)
enabled (k = 0.6 and k., = 4). The red loci corresponds to V/Hz controlled
induction motor in [4], and the blue corresponds to current-regulated V/Hz
control with varying voltage controller integral gains (ay =6 p.u., ay =12
p.u and ay =24 p.u). Current controller bandwidth is kept constant (ac =3
p-u.).

red) are compared to the eigenvalues of the current-regulated
V/Hz controlled system in (22) for varying choices for ay,
(shown in blue). Only the upper half-plane poles relevant for
system stability are shown due to symmetry.

In Fig. 3a the feedback compensation is disabled (K =
0,k = 0). As the gain k, or the ratio o/« is increased,
the dominating poles move towards the left half-plane and
the location of the corresponding poles of open-loop V/Hz
control.

Fig. 3b, shows the system eigenvalues with the static
feedback compensation enabled. The red loci corresponds
to the poles of the V/Hz controlled induction motor with
static feedback compensation described in [4] (k = 0.6 and
k., = 4). The blue loci present the eigenvalues of the current-
regulated V/Hz control method with the same stabilizing
feedback gains for varying choices for «,

Without the stabilizing feedback in (5) and (7), the
current-regulated V/Hz control scheme exhibits regions of
instability. As the voltage controller gain is increased, the
unstable region shrinks approaching that found in open-
loop V/Hz control. Insufficient gain in the voltage controller
will also result in an unstable region remaining, even with
the stabilization enabled. The maximum limiting factor for
choosing a value for the integral gain k, is the angular
sampling frequency, i.e. the pole pair at «,, cannot be placed
too close to it.
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Fig. 4. Simulation result: Speed reference is first increased to 0.9 p.u. and then reversed to -0.9 p.u. Fig. 4a shows current-regulated V/Hz control without
compensation loops and Fig. 4b current-regulated V/Hz control with the compensation feedback enabled (kv = 0.6, k., = 4). In both cases, the current
controller bandwidth is ac = 3 p.u. and the voltage controller integral gain is set according to (23) with ooy =4 - ac = 12 p.u.

TABLE 1
DATA OF THE 45-KW FOUR-POLE INDUCTION MOTOR

Rated values

Voltage (line-to-neutral, peak value)  /2/3-400 V 1 pu.
Current (peak value) V281 A 1 p.u.
Frequency 50 Hz 1 p.u.
Speed 1477 r/min 0.985 p.u.
Torque 291 Nm 0.81 p.u.
Parameters
Stator resistance Ry 60 mS 0.02 p.u.
Rotor resistance Ri 30 mQ2 0.01 p.u.
Leakage inductance L, 2.2 mH 0.24 p.u.
Magnetizing inductance Lyg 24.5 mH 2.70 p.u.
Rotor inertia Jy 0.49 kgm? 67.4 p.u.
V. RESULTS

The current-regulated voltage controlled V/Hz control
method is studied with simulations and experiments. A four-
pole 400-V 50-Hz 45-kW induction motor is used as an
example motor, whose parameters and rated values of the
motor are given in Table I. Fig. 7 shows a photo of the motor
test bench used in the experiments. The control algorithm was
implemented on a dSPACE MicroLabBox prototyping sys-
tem. The switching and the sampling frequency of the PWM
inverter are both 4kHz. The current-controller bandwidth is

selected as a. = 3 p.u. and integral gain of the voltage
controller is selected according to (23) with o, = 4a,. The
bandwidth of the low-pass current filter is ay = 1/50 p.u. For
the stabilizing feedback, the voltage injection gain is selected
as ky = 0.6 and the frequency injection gain as k, = 4.
The induction motor is magnetized on startup with nominal
magnetizing current.

A. Simulations

Fig. 4 shows a simulation result where the speed reference
is ramped from zero to 0.9 p.u. and then reversed to —0.9
p.u. and finally brought back to zero. The load torque is zero.
Fig. 4a presents the results for current-regulated V/Hz without
stabilizing feedback enabled corresponding to the method
presented in [10]. The motor is pre-magnetized on startup. As
suggested by the stability analysis in Section IV-C, the system
is unstable in the middle-speed region (ws ~ £0.2 p.u.) and
the dampening is poor. Fig. 4b shows the same sequence
with the stabilizing feedback enabled. The oscillations in
the middle-speed region are removed and the damping is
significantly improved.
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Fig. 5. Experimental result: Speed reference is increased to 0.9 p.u., then reversed to —0.9 p.u. and finally brought back to zero.In Fig. 5a the compensation

feedback is disabled, and in Fig. 5b it is enabled (kv = 0.6, ko, = 4).

0.6 L
- > —_—wpy
"§0.2—
& 04
0.6
B ia
2 04 ' i
g 0.2+

M
:
S ‘
“ 02 \ \

1

=
)
%0.57 ;
< /Nl \
0 =T I I I I —
0 2 4 6 8 10 12 14

(a)

|
=

I
4 6 8 0 12 14
(b)

Fig. 6. Experimental result: Speed reference is increased to 0.5 p.u. From ¢t = 6 s to ¢t = 8 s, a loadstep of 0.5 p.u. is applied. In Fig. 6a the compensation

feedback is disabled, and in Fig. 6b it is enabled (kv = 0.6, ko, = 4).

45-kW induction motor

servo motor

Fig. 7. Photo of the motor test bench. The analyzed 45-kW induction motor
is on the left. The 37-kW induction servo motor on the right-hand side is
used as a load machine.

B. Experiments

Fig. 5 shows an experiment with a sequence similar to the
simulation sequence in Fig. 4. In Fig. 5a the static feedback

compensation is disabled. Again, the drive becomes unstable
upon reaching the unstable mid-speed region. The magnitude
of the oscillations in the experiments surpasses those seen in
the simulations. Stability is regained after the unstable region
around ¢ = 3. In addition to the unstable regions, the system
exhibits poor damping. In Fig. 5b, the experiment is repeated
with the compensation enabled. The system is stable and well
damped.

Next, in Fig. 6, the speed reference is set to 0.5 p.u.
Then, at ¢ = 6 s, a load torque 0.5 p.u. is applied for a
duration of 2 seconds. At ¢ = 10 the speed is reduced back
to zero. The slip compensator corrects the speed error. In
Fig. 6a, the stabilizing feedback compensation is disabled. In
addition to the instability during acceleration, poor damping



is observed. The oscillations last for almost a second after
a stepwise change in load torque. Fig. 6b shows a repeat of
the same sequence, but this time the compensation feedback
is enabled. The damping in the transient response is visibly
improved.

VI. CONCLUSIONS

The paper analyzed a V/Hz control method consisting of
an inner current control loop and an outer voltage control
loop. It is shown, that similarly to conventional open-loop
V/Hz control, this current-regulated V/Hz control method
exhibits regions of instability and poor damping. Conse-
quently, in this paper, the current-regulated V/Hz control
is enhanced with stator resistance and slip-compensation
loops and stabilizing static output feedback, which is used to
increase the stable operating region and damping. Compared
to conventional V/Hz with stabilizing loops, the added current
controller can be utilized e.g. in current limitation. Further-
more, magnetization of the machine can be easily achieved
if the rated magnetizing current is known.
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