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Abstract: Many control schemes have been proposed for induction motors, which are in themselves highly complex non-

linear and sometimes internally unstable systems. One of the most accurate control schemes is encodered rotor flux

orientated vector control. The advantages and disadvantages of this control are well known and several variations, or

reduced vector schemes, have been proposed. This study introduces an improved encoderless scalar, or approximated

vector, control method for induction machines which can be applied to general purpose applications that do not require the

most precise control. The proposed method overcomes practical difficulties and is suitable for industrial applications. The

slip compensated stator flux linkage oriented scheme proposed in this study does not require flux estimation or a speed

sensor, only requiring nameplate data, stator current, and stator resistance measurement, which can easily be determined at

start-up. Simulation and experimental investigations including field weakening operation and the effect of stator resistance

variation demonstrate the improved performance of the new scheme compared to previous open loop V/Hz and stator

resistive compensated schemes especially at low rotor speeds.
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rotor speed (rad/s)
stator, rotor resistance

stator voltage, current, and flux linkage in
general reference frame

stator voltage, current, and flux linkage in
excitation

(synchronously rotating)

reference frame

mutual, stator leakage, & rotor leakage
inductance

excitation frequencies (Hz) / (rad/s)

direct and quadrature components of the
stator voltage and current in the stator
reference frame

direct and quadrature components of the
stator voltage and current in the excitation
(synchronously rotating) reference frame

direct axis stator flux linkage in excitation

reference frame

rated stator voltage, stator current, and stator
frequency (rad/s)

number pole pairs

slip compensation frequency (rad/s)

stator back electromotive force, magnetising
back electromotive force

slip, rated slip

indicates demanded value

1. Introduction

In induction machines, torque and slip are intrinsically
linked as each is dependent on the other. High
performance control throughout the rotor speed range is
possible with variable frequency inverters and encodered
rotor flux linkage oriented vector control schemes, the
foundations of which were established many years ago.
However, this comes with the expense of the hardware
needed including an encoder and more complicated
control algorithms. Since then only limited work on scalar
schemes has been reported even though it is still widely
used. However, the use of adaptive control mechanisms
such as fuzzy logic is still occasionally published [1, 2].
For less demanding applications economical speed control
can be achieved using the inherent principles of the
machine as given in (1).
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The well-known V/Hz method, where the V/Hz ratio is
kept constant to maintain the stator flux linkage, is a
simple example of scalar control. Low-speed operation
using this method is problematic due to the stator
resistance voltage drop and the slip needed to produce
torque. Hence many boost methods, some of which
involve decoupling the control components, have been
proposed [3, 4]. In comparison to these scalar methods
where only the magnitude of the applied values are altered,
vector or field oriented methods (such as stator, air-gap, or
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rotor flux) vary both the magnitude and phase of the
variables. This allows better dynamic performance which
makes vector control based schemes predominant for high
performance drives, although with varying parameter
dependencies. Rotor flux oriented schemes, especially the
commonly used indirect method, are dependent on the L,
and R, parameters, whereas stator oriented schemes are
affected mainly by R;. Direct torque control (DTC) is
also increasingly used in drive applications due to its
ability to quickly change the electrical torque and stator
flux without coordinate transforms or PI control. However,
this scheme still has a coupling effect between the rotor
speed and stator flux [5], plus well-known integration
issues that also affect rotor speed estimation schemes and
R dependancy to estimate these parameters. Many
authors have discussed the variations and general
principles of scalar and vector schemes [6, 7]; others [8, 9]
give an overview of current and future industrial drives.
Buyukdegirmenci and Krein [10] discussed the maximum
torque capabilities of an augmented V/Hz, rotor flux
oriented, and DTC schemes, whereas a comparison
between vector control and DTC in electric vehicle
applications is shown in [11]. To reduce cost and increase
the robustness and reliability of the drive system,
encoderless control schemes such as model reference
adaptive systems (MRAS), extended Kalman filters (EKF),
or signal injection have become a common research area
[12-14]. However, knowledge of machine parameters, and
increased processing power to implement the more
sophisticated control algorithms including online
parameter identification are needed. For example, full and
reduced order observers have been used to estimate Rg
and R, and hence accurately control the machine [15-17].
In many applications the high performance and cost
associated with an indirect rotor flux vector method is
unnecessary and simple scalar based schemes are often
used. However, even though the system complexity is
reduced, there is an accompanying penalty of a
decrease in the dynamic response to both rotor speed
and load torque demands. These inherent shortcomings
can be minimised with schemes that look at
compensating the stator resistance voltage drop and the
speed variation due to load application (slip
compensation).

In low power, small scale systems, the removal of the
encoder is often important for both cost and reliability
reasons. However, in higher power systems other
considerations take over. For example, in certain
applications, the encoder cost may be small compared
to that of the cables. Hence, a compromise has to be

sought between complexity, cost, processing power and
accuracy of a control method. If accurate dynamic
control is required, the control scheme will usually be
more expensive and complex (vector based), but by
making specific assumptions it is possible to
significantly reduce the complexity without unduly
compromising the performance [3].  This paper
introduces a slip compensated industrially applicable
scalar control method capable of improved performance
in both transient and steady state and has a much
simpler implementation than other proposed solutions
[4, 18]. This schemes simplicity and compensative
behaviour lend it towards a variety of applications;
primarily lower power schemes such as fans and
compressors that do not require the full dynamic
performance of a vector based scheme. The technical,
economic, and cost effectiveness of such applications
with variable speed drives are shown in [19, 20].
Another potential application [21], explains a fault
tolerant scheme for electric vehicles which adaptively
changes the control (including sensorless scalar) in the
event of sensor loss to attain the best performance.

The proposed method is realised using an open loop,
stator flux oriented concept. Utilising vector control
principles and name plate data, the slip is compensated
by a feed forward scheme based on a linear igg
relationship.

Simulations and experimental tests are presented which
validate the improved performance of the proposed
control scheme. Results are compared to classic V/Hz,
indirect rotor flux oriented vector control, and the
technique described in [3].

2. Scalar control schemes

V/Hz control is well known, using a feed forward method
in an attempt to maintain the stator flux linkage constant
up to rated speed. This control is very simple to
implement but the inherent coupling of the induction
machine variables give a sluggish dynamic response, but
this is a fair trade-off in applications such as fans or
pumps where speed feedback is not always required and
limited dynamic performance is acceptable. The stability
of an open loop induction machine drive is discussed in
[22]; [23] looks at fault tolerant operation of scalar and
vector methods, whereas energy saving strategies for
scalar schemes are proposed in [24].

At higher rotor speeds the stator resistance voltage drop is
negligible and can be ignored. However, as the rotor speed
and excitation frequency reduce this drop can have a
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significant effect on the machine operation. Many
solutions have been proposed for voltage boost at low
speeds to compensate for this drop. Commonly a fixed
value up to 25% of the rated stator voltage [25], or a fixed
value equivalent to the full load Ig ,q.0qRs are used.
However, these can cause problems as the values will only
be correct for a single operating point, leading to over
excitation of the machine with no load. The fixed values
also mean that the voltage limit will be reached before the
rated frequency. An alternative is to alter the slope of the
boost so that at rated frequency no boost is applied;
modern industrial control systems vary the boost depen-
ding on operating conditions.

More complicated but improved compensation methods [3,
18] use transformation methods as used in vector control,
Munoz-Garcia et al [18] modify the stator voltage applied
(2) based on the phasor diagram.
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This method is now widely applied [4, 26-29] although [4]
states it is too complicated. In [30] the authors discuss
four different boost methods with both current feedback
compensation and the vectorial method adopted in [18].
At low speeds the air gap flux linkage is approximately
equal to the stator flux linkage as the leakage term is
negligible. However, in this paper, a method, taking into
account both the stator resistance and reactive components,
is introduced with the aim of keeping the air gap flux
linkage constant as given by (3).
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Tsuji et al [31] introduce a stator leakage impedance
compensation scheme. This method estimates the stator
voltage and compares it with a frequency dependant term
for the air gap flux; the error generates the stator voltage
demand.

Much work discusses slip compensation; Rubin et al [32]
investigate ten published slip estimation techniques under
field oriented conditions with only two showing
satisfactory  operation. ~Moreover, computationally
intensive methods are employed in [33, 34] to estimate the
slip using spectral analysis of the stator current and the
equivalent circuit input impedance equation, respectively.

Binying et al [35] investigate a scalar scheme using a

phase-locked loop (PLL) tracking the rotor slot harmonics
for rotor speed estimation.

Other schemes estimate the stator flux, using this to help
compensate both the R effect and for slip compensation.
[36-38] compare the estimated stator flux to the desired to
control the direct axis voltage. In [39], the stator flux is
used to estimate the stator back emf for the voltage boost
and slip frequency, whereas Hui ef al [4] use it to estimate
the rotor flux and hence the electromagnetic torque and
slip frequency as shown in (4) and (5). In [27, 39] the slip
frequency is calculated using (6), and [37, 38] calculate
the excitation frequency using (7), combining this with a
linear approximation of the torque / slip relationship (8).
The torque is calculated from the estimated stator flux and
uses (9) to obtain the rotor speed; Koga et al [40] also use
this linear relationship. The constant term shown in (8) is
rarely mentioned in papers. [18, 29] both calculate the air
gap power, Munoz-Garcia et al [18] uses (10a/10b) based
around a simplified equation relating torque and slip, an
alternative torque equation and the air gap power, whereas
Pongpant and Po-ngam [29] use it to estimate the machine
torque before (8). In [26] the torque is estimated using (11)
and the same linear slip frequency / torque relationship is
then used (8). For slip compensation [31, 41] use versions
of (12). Yong et al [37] also shows another equation (13)
that could be used in the stator flux reference frame; the
parameter dependency shown in some of these equations
mean accurate values are needed for precise control.
Throughout these schemes many integration methods,
including those shown in [42], are presented.
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Where @ and o indictate the cross product and inner
product respectively.
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An alternative control scheme is natural field orientation,
which is related to, and can be regarded as, a simplified
stator flux oriented method. Instead of estimating the
stator flux with its inherent integration issues it is
assumed to be at its reference value, which is used to
estimate the angular velocity of the stator flux vector and
hence position. Mirzaeva and Betz [43] give an
introduction to the scheme and comparison to stator flux
orientation, whereas full stability analysis is provided in
[44]. Alternative simple control schemes for permanent
magnet machines include [45, 46]. Ancuti et al [45]
discuss sensorless V/Hz control of a 20,000rpm
permanent magnet synchronous machine. Two control
loops are implemented to control the amplitude of the
applied voltage and its phase based on the internal
reactive power. The scheme avoids closed-loop control
of both the stator current and rotor speed and the use of
Park transformations. Moldovan et al [46] also avoid the
use of the control loops and transformations, simulating
three different V/Hz based control strategies which
attempt to compensate the applied voltage and phase. All
of the schemes are more computationally intensive than
Ancuti et al’s scheme [45]. In addition there is the
requirement for estimating the stator flux components
and increased parameter dependency through the use of
inductive terms.

The more complicated concept shown in [3] uses
decoupled dq components and the stator flux linkage
orientated control to try and overcome difficulties in
establishing the boost voltage to satisfy diverse operating
conditions. Modelling of induction machines using space
vectors is widely described and the stator voltage vector,
expressed in a general reference frame is given as:

—g
- dy — (14)
—g_ =9 . =g
7! =i R, +d—ts+ng1,l)S
Using the stator flux linkage orientated control concept
which rotates with the excitation frequency (14) can be
expressed as (15):
e e dy e (15)
Vs = iR + d_ts + jwetp,
The reference frame associated with (15) is aligned to the
direct axis (i.e. the quadrature component is zero) and the
steady state orthogonal components are:
Vs = igsRs (16)
1755 = igsRs + welpgs*

The user sets the value of ¥¢;" and w, (via w;), with 6,
calculated from the integral of w,. For stability the value
of Rg used in the controller must be less than the actual
value; in [3] the value (R,) is 80% of the actual Ry.

This method gives good results and is much simpler than a
rotor flux orientated scheme. However, this open loop
control scheme has some significant drawbacks:

. The first problem is the user must set the value of
Y&.". This is unattractive in an industrial application since
an ill-advised setting (by an inexperienced user) could
yield unacceptable behaviour.

. Secondly, it is not apparent how it can be easily used
in the field weakening region. Equation (16) shows that
as wy and hence w, increases; vjs continues to increase
even after the rated stator voltage is reached. Hence there
is no clear mechanism to transfer the system from the
constant torque to the constant power region in this very
basic version of the scheme.

*  The third and biggest problem is its behaviour in the
presence of loads. In this simple open loop scheme there is
no compensation of any load dependant rotor speed drops.
* A fourth problem, is that the control scheme depends
upon the choice of R, for stability especially at low w;.
Altering this parameter influences the system stability and
a new characteristic response is observed. With the
addition of an Ry estimator this problem can easily be
overcome.

* A fifth problem is when w; = 0, vy = 0. From (16),
vgs depends on the measured ig; while vgs depends on the
measured igg and w, . Therefore operation around and

through this region is problematic.
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3. Proposed method

Ideally, a new control scheme should solve the problems
discussed, be much simpler than rotor flux orientated
vector control, and still not require an encoder. The
scheme presented here uses the stator flux linkage
oriented method similar to those shown in [3, 18]
including Park and Clarke transformations used for vector
control, the overall schematic block diagram is shown in
Fig. 1.

In this scheme a fixed d axis voltage term is used (17),
unlike [3, 18] where it is controlled by the feedback
current, this overcomes the fifth problem mentioned.

(17)

The w,é;" term in (16) which causes the first and second

e _
Vas = s,ratedRs

problems is removed using the conditional expression (18).
Technically, as shown in (2), this should be the rated
value of E for constant flux, however, since resistance
compensation is taken into account this is an acceptable
trade-off for the simplicity and use of nameplate data.

Us rated . 1
we If  We < W rated (18)
Vpasic = 3 Pe_rated
Vs_rated if We> We ratea
Hence, v is given by:
e _ ie
qu - lqus + VUbasic (19)

These equations aim to maintain the stator flux linkage,
but slip compensation is still needed to overcome the load
dependant rotor speed drop. In the stator flux linkage
reference frame the d-axis is aligned with the stator flux
linkage while the g-axis current controls the torque, and in

this frame the torque can be given as (20):

Unlike the equations shown in (4) through (13) a much
simpler calculation is possible to estimate the torque and
hence slip frequency. Since the stator flux linkage is
constant below rated speed the torque developed is
dependent on the slip frequency and proportional to the g-
axis current. Therefore a linear torque / slip relationship
similar to (8) can be given as (21). In the constant torque
operating region the torque and slip frequency are related;
therefore, for variable speed operation for the same torque
the same slip frequency must occur, the slip alters as w,
varies but the slip frequency term remains constant.
However, in the constant power field weakening region
the slip frequency increases with w,. The conditional
expression relating these is also shown in (21), and using
them to continually modify w, allows a value of w, close
to that demanded to be achieved as the load varies. For
simplicity, the influence of the rotor time constant on the
slip frequency is ignored, thus eliminating the need for R,

and L, estimation and adaptation.
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For V/Hz and the scheme shown in [3] w, is calculated
using (22), while for this proposed scheme it is given by
(23):

We = W5 = WyPP (22)

We = Ws + Weomp (23)

For convenience I ,q¢eq is applied. This is found to give

acceptable compensation and is also normally on the

— e ;e
Te = Kipasias (20) machines nameplate. Additional tuning of this value can
further minimise possible error.
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Fig. 1: Proposed scheme block diagram
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Table 1: Experimental comparison of the schemes features. Overshoot settling to within £2%, vector

control results depend on control loop tuning

V/Hz Stator resistance Proposed Indirect rotor flux
compensation [3] oriented vector control
overall execution time 1 1.1 1.15 1.57
(compared to V/Hz)
feedback loops none stator current stator current stator current, rotor
speed
low w, 25% load operation no (fails at 6.28 no (fails at 6.28 rad/s) yes (small offset) yes
rad/s)
encoderless operation yes yes yes with a speed estimation
scheme.
field weakening operation yes not self-explanatory yes yes
feasible
parameter sensitivity N/A Ry Rg R, Ry, L, Lis, Ly
start-up time (Fig. 2) 70ms 200ms 30ms 23ms
overshoot % / settling time (Fig. 3.15%/0.857s 3.97%/1.39s 3.75% /0.842s 5.2%/0.693s
2)
load torque impacts % error 12.4% 13.4% 1.02% 0%
(Fig. 3)

Table 2: Four pole, 7.5kW, 415V, 50Hz, delta connected
induction machine

Quantity Value
rated slip 0.0384
Per phase star equivalent parameters
R, 0.7767 Q
R, 0.703 Q
L 103.22mH
Lis, Ly, 4.51mH

4. Experimental results

For comparison and validation both simulation and
practical testing were carried out, and a summary and
comparison of the schemes features are shown in Table 1.
Testing was based around a 7.5kW, 415V, 50Hz delta
connected induction machine (parameters are given in
Table 2) and controlled by a dSpace DS1103 prototyping
system. The control scheme runs at 15 kHz with a
sinusoidal pulse width modulation (PWM) switching
strategy, limiting w, to 272 rad/s and w, = 136 rad/s
(1298 rpm), before entering constant power field
weakening. During testing, the machine slew rate was
limited to 26.2 rad/s’.

To validate the improvement comparative tests based
around those discussed in [47] were carried out and
examples of the results, showing good correlation are
shown in Figs. 2-5.

Where possible, high and low rotor speed capabilities of
the schemes are compared; stepped responses from 15.7
rad/s to 0 and back to 15.7 rad/s with 3.14 rad/s steps
lasting 1 second and similar stepped responses going from
15.7 to -15.7 rad/s are shown, whereas the start-up
characteristics from w; = 0 (problem 5) and the responses

of the schemes to load torque impacts are analysed
(problem 3). High rotor speed tests including the
transition from the constant torque into the constant power
field weakening region are discussed. In the tests, the
load torque is always in the same direction, that is, with
positive rotor speed demands the load is opposing the
motion, whereas regeneration occurs when the torque and
speed have different signs. The results show the proposed
schemes performance compared to the classical open-loop
V/Hz, an indirect rotor flux oriented vector control

scheme, and the stator resistive voltage drop scheme [3].
4.1 Start-up performance

Fig. 2 shows rotor speed responses from 0 to 15.7 rad/s
with no externally applied load (only frictional and
inertial components of system) for the different
schemes. This shows the problem described for [3]
caused by v; = 0 when wy = 0. The faster responses
produced by the V/Hz and slip compensated methods
are due to the boost voltage, and constant v, term
creating nominal stator flux linkage allowing quicker
acceleration as no flux rise time is needed. Only 30ms
is needed for the slip compensated scheme compared to
70ms for V/Hz and 200ms for the stator resistance
voltage drop method, showing improvements of 57%
and 85% respectively. For comparison, the vector
control scheme takes 23ms for full acceleration to occur.
The proposed method shows a slope variation around
6.2 seconds. This is caused by a slight variation in Ry,
the effects of which are discussed in Section 5.
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Fig. 2: Experimental start-up

4.2  Dynamic behaviour

To assess the torque disturbance rejection capabilities of
the three scalar schemes Fig. 3a shows responses to a 25%
15.7 rad/s. This
shows the superior performance of the slip compensated
scheme. A steady state error of 0.16 rad/s (1.02%) is
observed compared to 1.95 rad/s (12.4%) and 2.1 rad/s
(13.4%) for the V/Hz and stator resistance voltage drop

rated load torque impact when w, =

schemes respectively; a significant improvement in
accuracy. Fig. 3b compares the vector control and slip
compensated schemes, the load induced speed drop is
equivalent for both with recovery taking 120ms. A more
oscillatory response is observed with the latter scheme.
The response of the vector scheme is dependent on the
speed loop PI tuning.

4.3  Low wj stepped transient responses

Experimental step test results from 15.7 to 0 and back to
15.7 rad/s for the scalar schemes are shown in Fig. 4a;
showing both loaded low w, and w; = 0 operation is
possible with the slip compensation holding 25% load at
zero demand. The other schemes fail once 6.28 rad/s is
reached. Loads up to 50% can be tolerated with the slip
compensation down to 6.28 rad/s, while 75% recovers
with a rotor speed demand of 15.7 rad/s (Table 3). As w,
is reduced these results show the effect of the non-
compensated non-linearities consistent with using an
inverter. Comparative responses for the vector and slip
compensated methods are seen in Fig. 4b.

4.4 Constant torque to constant power field
weakening transition

Fig. 5 shows responses to a 57.6 to 230.4 rad/s demand
and the transition from the constant torque to the constant
power field weakening region. The initial load impact
shown at 57.6 rad/s equates to 25% rated, which becomes
an equivalent of 50% once 230.4 rad/s is reached.

Compared to the 2.92 rad/s error for V/Hz the slip
compensation sees a significant improvement to 0.9 rad/s
(68% improvement). The method of [3] is not shown as
there is no clear explanation of field weakening operation.

17
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2
s 157t : : B : : : : : R
s
o 14—
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12 . : .
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a) time, s
17
16| ; L, ' L ia
oy i sy ey %
5 15} :
o
o 14
— (1)r
13 Proposed
- Vec.Control
12 . : -
8 9 10 11 12 13
b) time, s

Fig. 3: Experimental 25% load torque impacts at 15.7
rad/s, a) Scalar schemes, b) Proposed and vector control
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Fig. 4: 25% load experimental step tests, a) Scalar
schemes, b) Proposed and vector control
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As expected there is a reduction in the transient and zero
steady state error seen with the encodered vector scheme.
Fig. 6 shows a more thorough field weakening test of the
proposed scheme. Unloaded acceleration to 125.6 rad/s is
observed with rated torque applied and removed, followed
by acceleration to 314 rad/s with a 20% load applied
showing a 2.5% speed drop. The characteristic response
of the rotor speed, electrical torque, stator current and
stator fluxes are shown.

4.5  Regenerative Capability & Efficiency

Fig. 7 shows the regenerative performance of the proposed
scheme for a 25% load set of negative going stepped
reference changes through zero speed. The negative speed
values with positive torque (igs, igs positive) confirm this
capability, but with a small effect on the orientation. Fig.
8 shows the electrical efficiency (neglecting mechanical
losses) and power factor against load for the proposed
scheme at 125.6 rad/s. Linear slip frequency compensation

might not correspond to lowest loss steady state operation,
however, from the steady state results, 90% efficiency is
achieved at 25% load reducing slightly as load increases,
showing the effectiveness of the proposed scheme.

240
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O L N W b O

— Vec.Control %

S ~———120 €

] s
o 180
NN 40

- - L. . l - - 0
7 11 15 19 23 27 31 35
time, s

Fig. 5: Experimental constant torque to constant power
operating region transition. w, error on left hand axis, w;
on right hand side. 50% load in constant power region
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Fig. 6: Simulated responses of proposed scheme to 2.5 times rated speed with varying loads applied, a) w,, b) Electrical

torque, ¢) Stator currents, d) Stator flux
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Fig. 7: Experimental 15.7 to -15.7 rad/s step tests showing
regenerative operation
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Fig. 8: Simulated electrical efficiency and power factor vs.
load torque for proposed scheme at 125.6 rad/s

5. Effect of stator resistance variation

Stator resistance variation has a large effect on the
performance of control schemes. In [3] the stator
resistance used (R) must be equal to or less than 0.8 R,
although [48] found inconsistencies within the stability
analysis to obtain this value.

The effect of R; on the proposed scheme was analysed by
altering the value used by £20% and +50%. Low speed
experimental results around and through zero speed
showing regenerative operation for the £50% change are
shown in Figs. 9a, 9b and 10a. As Ry is altered, the w,
responses are offset; this is caused by the slip
compensation term. Fig. 10b shows the simulated effect
of a £20%, and not +50%, change in R; with load. In
Figs. 9b and 10a, with the +50% change, failure occurs
when approaching zero speed without recovery. The
mechanism of this offset is explained as follows.

Figs. 11 and 12 show no load and loaded excitation frame
currents (igs, i¢s) for the results of Figs. 9 and 10, proving
that R variation alters not only the magnitude but more
importantly the sign of is. With no load the torque and
hence slip are small in the steady state (only frictional
terms) so limited igg should be needed, for Ry = Rg nom

, rad/s

0.1A is seen showing correct operation, this changes to
2.1A and -2.3A for Rg = 0.5R; yom / Rs = 1.5Rs pom
respectively. It should be noted that as w, reduces igs goes

slightly negative in Fig. 11a; this is the effect of the

20

15 M

10t

o, rad/s

8 10 12 14 16 18 20 22 24 26 28 30
a) time, s

20

15

10t

— ()

r

— R =0.78Q

S nom

05R

S nom

- 15R

S nom

8 10 12 14 16 18 20 22 24 26 28 30
b) time, s

o, rad/s

Fig. 9: Experimental 15.7 to 0 to 15.7 rad/s, 3.14 rad/s
Steps, w, responses, a) No load, b) 25% load

20

o, rad/s

8 10 12 14 16 18 20 22 24 26 28 30
a) time, s

o, rad/s

4 6 8 10 12 14 16 18 20 22 24 26
b) time, s

Fig. 10: From 15.7 to -15.7 rad/s, 3.14 rad/s Steps, w,
responses, a) Experimental no load, b) Simulated 25%
load
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U .
Zog = = = Reg +jXeq (24)

S

X (B2 4 jx,,)

= RS + Xls + R )
?r"']'(Xlr +Xm)

Xegq

¢ =tan"1 —

Req

previously mentioned inverter non-linearities and the
heating effect on R;.

The i¢s error is due to the magnitude of the demanded
stator voltages (v , vgs*) and can be explained with
phasor diagrams (Fig. 13). Figure 13a shows no load
angles when R ;0. is used, the i¢ angle compared to the
d axis is small giving a small i¢s (as expected), this is
because the v€ angle is similar to the stator voltage /
current angle (¢p) from the equivalent induction machine

16— 20
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c) time, s

Fig. 12: Experimental 15.7 to 0 to 15.7 rad/s, 3.14 rad/s
Steps, 25% load excitation frame currents: a) Rg ,om b)
0.5R5 1om> ©) 1.5Rg nom, (wy shown for clarity)

impedance (Zq), (24). As R; varies, the fixed vé," term
alters the angle of v¢ compared to the d axis; when ¢ is
taken into account the i¢ angle becomes 12.45° / -12.61°
for Ry = 0.5R; om / Rs = 1.5Rs nom, respectively (Figs.
13c/13e). These incorrect angles and the igs variations
feed through the control system affecting the resistive
compensation, but more importantly the slip compensation,
either giving over or negative slip compensation. Hence
vé" is the dominant term for accuracy of this scheme.
When loaded, the DC offset is greatly reduced as ig,
becomes positive and the compensation terms work
correctly (Figs. 13b/13d/13f), this is due to the load
increasing the slip, altering Z,, and hence ¢. Owing to
the initial errors the magnitudes of i¢ are still different
but due to the variation in R, the responses converge to a
similar value, although Ry = 1.5R; ;01 gives more
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Fig. 13: Simulated excitation frame stator voltage / current magnitudes and angles at 15.7 rad/s

oscillatory responses. generated. For Ry = 1.5R; 5,01, nO load a negative

As with most scalar schemes, problematic operation speed is held and recovers for positive w;., for
regenerative operation it stays at -4rad/s. Loaded,
improved performance is achieved for positive w,., but
regenerative operation does not recover. A frequency

fold back scheme is incorporated to limit the current
Page 11 of 15

occurs when lower values of w, are requested; loaded
with Ry < Rg yom failure occurs for the results shown
due to the incomplete compensation of the voltage drop,
and through the d-axis limited stator flux linkage being



and protect the drive, here it has reduced w;- to zero but
the incorrect i¢¢ has a cumulative effect and the slip
compensation loop controls the drive giving the results
shown. Online R, estimation schemes, many of which
have been discussed in the literature, could negate some
of the issues seen. A full summary of the tests is
provided in Tables 3-5, where ‘v” means successful, ‘%’
failure, ‘R’ recovers, and “Osc” is an oscillatory
response. The % steady state errors are also shown for
the load transients.

6. Conclusion

Scalar drives are not typically used for very high
performance applications. However, in other less
demanding applications their dynamic responses can
still be acceptable. The open-loop slip compensated
scalar scheme presented in this paper gives improved
results during both steady state and transient conditions
compared to other existing scalar methods. Importantly,
both simulation and experimental results have shown
superior responses for the proposed scheme at both low
and high rotor speeds during motoring and generating
operation. The effect of R variation on the stability has
been analysed during low speed operation (including
regenerative operation), with a limitation of Rg o <
R; < 1.2R; ;,om, whereas the mechanism of the failures
has been fully discussed. For higher speeds the effect of
the variation on the performance is reduced.

This method does not completely match indirect rotor
flux vector control, but has many advantages over other
schemes presented despite the compromises used. The
proposed method overcomes difficulties around and

Table 3: 15.7 to 0 to 15.7 rad/s, 3.14 rad/s Steps

through zero speed, while a major improvement is
achieved with the addition of slip compensation. This
simple linear compensative terms complexity is
significantly reduced compared to the non-linear
versions, neglecting estimation of parameters such as
the power factor and core loss. It is also much simpler
than many previously discussed techniques involving
estimation of the stator flux without any of the
associated issues with integration such as offset and
drift.

dependent on accurate values of the inductance and R,.,

Indirect rotor flux oriented vector control is

which change with temperature and the operating speed
range, so adaptation and characterisation are especially
important, especially for the indirect slip calculation for
orientation. This scheme only needs R, leading to a
much reduced processing requirement.

Overall, the simple commissioning requirements, the
removal of the need for an encoder or an estimation of
the rotor speed, the overall compensating behaviour,
and the small increase in the execution time from
experimental testing compared to the other scalar
schemes (15% increase compared to V/Hz, 4.5% to
stator resistance voltage drop, 27% reduction compared
to vector control) make it a potentially attractive control
method for many industrial applications.
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O/L V/Hz Stator resistance voltage Proposed
drop
No load 25% load No load 25% load No load 25% load 50% load 75% load 100% load
Rs nom v x v x v v x x x
0.8Rs nom v x v x x x x
1.2R; nom v x v v v x x
0.5R; yom v x v x x x x
1.5Rs nom v/, Osc x R v, Osc v, Osc R x
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Table 4: 15.7 to - 15.7 rad/s, 3.14 rad/s Steps

O/L V/Hz Stator resistance voltage Proposed
drop
No Load 25% Load No Load 25% Load No Load 25% Load 50% Load 75% Load
Rs nom v v x v v x x
0.8Rg nom v x v x x x
1.2Rs nom v x v v v x
0.5R; nom v x v x x x
1.5R nom v/, Osc x x x x x
Table 5: Load Torque impacts at 15.7 rad/s
O/L V/Hz Stator Resistance Voltage Drop Proposed
25% Load 50% Load 25% Load 50% Load 75% Load 25% Load 50% Load 75% Load 100%
Load
R nom v, 4521% x v, 11.71% v, 38.54% x v, 1.13% v,5.91% v, 20.23% x
0.8R; nom v, 1249% v, 64.67% x v,0305%  v,7.05% x x
1.2R5 nom v,11.05%  v,31.18% x v, 2.15% v, 5.46% v,1336% v, 8.82%
0.5R; nom v, 13.93% x x v,-0.65% v,11.51% x x
1.5R nom v,1021%  v,2522% ¥, 56.44% v, 3.99% v, 5.65% v,928% v, 12.97%
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