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Abstract — A novel open-loop speed control method for
induction motors that provides high output torque and
nearly zero steady state speed error at any Jfrequency is
presented. The control scheme is based on the popular
constant volts per hertz (V/f) method using low cost open-
loop current sensors. Only stator current measurements are
needed to compensate for both stator resistance drop and
slip frequency. The scheme proposed fully compensates for
the Ir voltage drop by vectorially modifying the stator
voltage and keeping the magnitude of the stator flux
constant regardless of changes in frequency or load. A
novel slip frequency compensation, based on a non-linear
torque-speed estimate, is also introduced. This method
reduces the steady state speed error to almost zero. It is also
shown that a linear torque-speed approximation is a special
case of the non-linear estimate and that it leads to large
speed errors for loads greater than rated. It is shown that,
by using the proposed method, the speed can be accurately
controlled down to, at least, 1.2 Hz with load torques of
more than 150% of rated value. Since the only machine
parameter required, the stator resistance, is automatically
measured at start up time, using the same PWM-VSI
without additional hardware, the proposed drive also
exhibits self-commissioning capability.

I. INTRODUCTION

The operation of induction motors in the so-called constant
volts/hertz (V/f) mode has been known for many decades and
its principle is well understood {1,7]. With the introduction
of solid state inverters the constant V/f control became
popular [2)-[4] and the great majority of variable speed drives
in operation today are of this type [5]. However, since the
introduction of vector control theory by Blaschke [6], almost
all research has been concentrated in this area and little has
been published about constant V/f operation. Its practical
application at low frequency is still challenging due to the
influence of the stator resistance and the necessary rotor slip
to produce torque. In addition, the non-linear behavior of
modern PWM-VSI in the low voltage range [8-10], makes it
difficult to use constant V/f drives al frequencies below 3 Hz

(11}

The simplest stator resistance compensation method
consists of boosting the stator voltage by the magnitude of the
Ir drop [12]. Improved techniques using the in-phase
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component of the stator current and a compensation
proportional to a slip signal have also been proposed {7]. A
vector compensation was proposed in [13], but it required
both voltage and current sensors and accurate knowledge of
machine inductances. More recently a scalar control scheme
was proposed [14]. In this scheme the flux magnitude is
derived from the current estimation. In [15] using the dc-link
voltage and current both flux and torque loops are introduced.
Its use at low frequency is limited by the flux estimation.
Also, the slip compensation was based on a linear torque-
speed assumption which led to large steady state errors in
speed for high load torques. A linearized frequency
compensation control based on an ‘ideal induction motor' was
proposed in [16].

In this paper a new stator resistance and frequency
compensation lechnique requiring minimum knowledge of
the motor's parameters is presented. The only measured
quantity is the stator current. The stator resistance voltage
drop is fully compensated by vectorially adding it to the
commanded voltage using both in-phase and quadrature
components of the stator current. The frequency
compensation is based on an estimation of the air gap power
and a non-linear relationship between slip frequency and air-
gap power. This method predicts the correct slip frequency
for any load at any frequency. The proposed control scheme
requires only name-plate data, the stator resistance value, and
a reasonable estimation of the break down torque. The
proposed method is validated by simulation and experimental
results. It is shown that large torques are obtainable even in
the low speed range with almost no steady state error in

speed.

[1. STATOR RESISTANCE COMPENSATION

The stator resistance compensation is based on keeping the
stator flux-linkage magnitude constant and equal to its rated
value. From the phasor diagram shown in Fig. 1 it is easy to
show that the magnitude of Ep, is

E2 = (V) +(Ir,)* =2V, (I;r,)cos @ (1

Defining V,, as the magnitude of E,, at rated frequency fp. at

any frequency f,, the required value of E, to accomplish
true constant volts/hertz is given by Vio( f1 /fz).
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Fig. 1: Induction motor steady state equivalent circuit and phasor
diagram.

Substituting this quantity into (1) yields

«\2
V,=1r cosd+ \[ﬁ/f—f—] ~(1,r,)(sin 9)? )
R

where V,, is a constant defined by rated conditions and the
subscript # indicates rated values.

To implement (2) the rms value of the stator current 1
- cos(¢), and sin(¢) are needed. Assuming a set of balanced
sinusoidal currents the rms value, in terms of instantaneous
quantities, can be written as

The terms cos(¢) and sin(¢) are obtained by using a
transformation similar to what is known as the complex
vector form of real variables [17]. Defining the complex
quantity

is = ia.\‘ + gzih.\' + .a.ic,\- (4)
where a is the complex number ei(3¥3. Substituting the
currents and using a synchronous reference frame yields

3] ;o 3
i ="—e/® =1 (cos(¢)+ jsin 5
where [ is the peak current and ¢ the phase angle. Because of
the trigonometric relation between sine and cosine and the
structure of (2) only the real part of (5) is required, therefore

the actual implementation does not use complex variables and
(5) can be simplified to

Re{i¢} = Iy e = V3{ias cos(@t = £) = i, sin(wn}  (6)

where Re{i{ } has been replaced by the symbol Ige) tO stress
that only real quantities are used.

Although by definition the rms current and the power
factor are steady state quantities the use of (3), (5), and (6)
yields instantaneous measurements of both of them. Thisis a
very important factor since it gives continuous measurements

that can be used for feedback purposes allowing for better
dynamics in the control. An alternate form to obtain the
power factor is to measure the time delay between the zero-
crossings of the current and the voltage. This method
however, gives poor results for several reasons; first the
measured current contains high frequency noise that makes it
difficult to identify the exact point of zero crossing, second
the power factor measurement can only be up-dated, at most,
every one sixth of a cycle. These problems are eliminated by
using (3), (5). and (6). The final expression for the required
stator voltage, including only instantaneously measured and
commanded quantities, is

V2 me:z 2 2 2
V:=_3_lx(kz)":+ '_f"_ “"E'(Ix(ke)"s) '(I,’,) Q)

R

Equation (7) corresponds to a vector compensation of the
Ir drop. Given the inherently positive feedback characteristic
of the Ir boost algorithm it is necessary to stabilize the system
by introducing a first order lag in the feedback loop (low-pass
filter). Since (7) contains both the Ir boost and the base V/f
ratio we only need to apply the lag to the boost component of
the algorithm, this is shown schematically in Fig. 2.

1. SLip FREQUENCY COMPENSATION

In order to produce torque an induction motor needs to
develop slip. This means that the rotor only runs at
synchronous speed at no load and for any other condition the
mechanical speed is reduced by the slip. At rated frequency
the slip is usually around 3% and its effect can be ignored.
For variable frequency operation however the slip varies
inversely proportional to the frequency and as the frequency
decreases the slip becomes larger and it can no longer be
ignored. At sufficiently low frequencies this effect becomes
so important that if not adequately compensated the motor
will not be able to supply the load torque and will stall.

The compensation technique used here is explained with
the help of Fig. 3. Given the torque-speed curve defined by
the solid line and assuming a load torque Ty the motor will
develop a slip proportional to the length AB. If the stator
frequency is boosted in such a way that a new torque-speed
curve, as defined by the dashed line, is obtained then for the
same load torque the motor will run at @, which

- Is

Eq.3

\
Eq.7

£ Eq. 6

Yo
2

Fig. 2: Ir compensation including first order lag.
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Fig. 3: Slip compensation method.

corresponds to the original synchronous speed. By adjusting
the stator frequency continuously the mechanical speed can
be maintained constant for any load.

In order to implement this scheme it is necessary to know
the relationship between torque and slip (this is the length
AB). This is normally done by assuming a linear relationship
between torque and slip. Although this technique gives good
results for high speeds its usefulness at low frequency and
large torques is limited due to the large errors introduced by
the linear approximation. The slip compensation proposed in
. this paper is based on the actual non-linear torque-speed
characteristic of the machine.

One expression for the electromagnetic torque is known to

be {1}

2T,
T =— : ;M €))
Shd s

where T}, is the break down torque and s, the slip at which it
occurs. Since (9) is valid for any torque it is also valid for
rated conditions. Defining T, = K, T and using (9) yields

ok =K+ K-

SR
which is the break-down slip in per unit of the rated slip.
Substituting (10) into (9) and solving for the slip yields

KK, Tgpsp (r/ )2
=2 RRI -] L
=TT, [ \} K.Tr

Eq. (11) is the slip required to produce the electromagnetic
torqueT,. To completely solve for the slip frequency we need
to eliminate the load torque from (11). This is accomplished
by using an alternate form of the eleciromagnetic torque [17]

T, = (_B_)______'Pwl'
ar fm + f.\'lip

(10)

an

(12)

where p is the number of poles, P,,, is the power transferred
across the air-gap, fg;, is the slip frequency, and fr is the
mechanical commanded frequency. Substituting (12) into
(11) and solving for the slip frequency yields

0

- ! L Kesi 2 .
fslip'm[\/(fm) +TK—Pgap—B'Pgap_fm}(l3‘a)

B

S = _—A : f;. if A- Pg,,p =2 (13-b)
where the constants A and B are defined as
2
A= S S B= P
4”KK,,TRSRfR 4ﬂ'K,,TR

In contrast, the widely used linear torque-speed
approximation [15]-[16] yields a simpler expression given by

1 2 .
fslipzz( (fm) +SlinPgap"'fm) (14)

where

Siin = (%)%= constant

Notice that when K, is large A and B become small and
(13) converges to (14). The physical meaning of this is that
the linear approximation assumes a machine with an infinite
break-down torque. Although the exact value of K|, is not
generally known it certainly is a finite quantity and, for a
typical NEMA B design its value lies between 1.5 and 3.
Hence the use of (13) provides a huge improvement over the
linear approximation. To illustrate the difference between
(13) and (14), actual and estimated torque-speed curves using
both schemes are presented in Fig. 4. A 20% error on K,, has
been intentionally added to the non-linear prediction. If the
correct value of K, were to be used there would be no error
and the non-linear prediction would lie on top of the actual
curve.

As shown in Fig. 4 the error introduced by the linear
approximation is reasonably small for torques less than rated
value but the error increases very rapidly for larger torques.
On the other hand the non-linear approach gives much
smaller errors even using an incorrect estimate of the break
down torque. The difference becomes even more important
at torques larger than rated value.

Steady state torque-speed characierietic
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Fig. 4: Linear and non-linear torque approximations.



IV. AIR-GAP POWER MEASUREMENT

Given the importance of the air-gap power in the
implementation of the frequency compensation algorithm, the
measurement procedure will be discussed here in some detail.
This power is defined by

P, =3V PF=31tr =P,

gap

(15)
where PF is the power factor and P,,,, the total core losses.

If the commanded and terminal voltages are equal the first
term of (15) is obtained using (3) and (6). The second term is
readily available from the current measurement (3). The last
term needs some additional consideration. In general the
core loss under variable frequency operation is difficult to
obtain but it can be approximated from the knowledge of
rated values and constant flux density operation. The core

loss at rated conditions is
Peorey = Pin, (1= 1) = 312 r =310 r, (16)

where 7 is the rated efficicncy (name-plate data). It is not
difficult to show that for rated load

3 r, =P, (17
* 1-5, R
" and substituting (17) into (16) yields
- Ny 2
Pcnre "'Pin (]— J—3I\' re (18)
” R -5, sgo

where s is the rated slip and P, is the total input power at
rated conditions. It is common practice to separate the core

where K, and K, depend on the core type, Bgis the rated flux
density, and fx the rated frequency.

For constant flux operation (ideal V/f) these losses only
vary with frequency. Assuming that at rated conditions both
components are equal, after some manipulation, the total core
loss at any frequency can be written in terms of its rated value

as:
W as(£) 145 (£
P core = & ~| 2 + 2 == P core
2|1 1+, \ fe) VHsx\ [ R
Substituting (20) into (15) gives the air-gap power as a

function of commanded frequency and measured variables.
The slip measurement required in (20) is obtained from (13).

(20

V. SIMULATION AND EXPERIMENTAL RESULTS

The proposed control scheme was first simulated and then
implemented in the lab. The simulations were carried out
using MATLAB and ACSL.

To validate the proposed control method the algorithms
were implemented using a commercial inverter and a
standard 3 Hp NEMA-B machine whose parameters are listed
in the Appendix. The control software was developed on a
Motorola 56000 DSP system which replaced the
microprocessor in the inverter. The only machine data
required by the software are the rated voltage and current,
number of poles, Hp rating, and nominal frequency.

The real time control and measurement program was
written in Assembly language. The sampling time was

loss into hysteresis and eddy current components. This  chosen as 135 ps and the total control program execution
separation takes the form [18]: time is approximately 100 ps. A complete block diagram of
P =K.B f. +K.B>f? 19y ‘the proposed V/f algorithm is shown in Fig. 5 while the
crey = KnBa fu+ KeBe (19) experimental set-up is shown in Fig. 6.
I fe
~><+ J\ >
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VSI
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Vv >
“~ +¥ V. boost
freq. boost Istre) ]
1 le Eq.7 |& Eq. 6
1+s1, I W
Eq. 15 i
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Fig. 5: Advanced induction motor V/f control, including voltage boost and slip frequency compensation loops.



A. Ir Compensation

The effectiveness of the stator resistance compensation
algorithm was evaluated by looking at the resultant torque-
speed characteristics at different frequencies and verifying
that the slope of the curves remains constant.

The simulated results are shown in Fig. 7 and the
experimental measurements are presented in Fig. 8. An
excellent response in both cases is clearly seen. The lower
limit on the frequency used in the experimental part is due to
the machine stalling at lower frequencies.

I— = wmosconad 1

nC

e e

DSP
6000

DIA

Steady state lorque-speed charactenstic

Fig. 6: Experimental set-up.
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Fig. 7: Ir compensation, steady state model simulation results. Solid
line: Including Ir compensation algorithm. Dotted line: without Ir
compensation.

B. Slip Compensation

Both the linear and non-linear slip compensation
techniques were simulated and tested in the lab. The speed
range used in the experimental part was from 1.2 Hz (36 rpm)
to 60 Hz (1800 rpm) for loads up to 150% of rated value.
The lower limit on the frequency was primarily imposed by
the capability to accurately synthesize the commanded
voltage with the PWM inverter.

1) Steady State Response: The simulation results are
shown in Fig. 9. As predicted the linear slip compensation
yields large speed errors for torques beyond rated value. For
the non-linear method a 20% error on the estimated break-
down torque has been intentionally introduced. It can be seen

Ir P i igor i resufts}
9
30 Hz
8001
700
600
Esoo}
glw\\%\;
soo..\,\*\ 1
10 Hz
200+ ‘\‘\:
100+ . 4
S Hz
00 0.5 1 18

Torque x rated
Fig. 8: Speed response including the Ir compensation algorithm.
Experimental results.
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Fig. 9: Speed response including slip compensation Simulation
results. Solid line: non-linear method. Dotted line: linear
approximation.

that the technique is very insensitive to errors in this
parameter. Fig. 10 shows the measured torque-speed curves
using the non-linear slip compensation. The measured
magnitude of the stator currents for the same conditions are
presented in Fig. 11.

To illustrate the importance of the slip compensation
method measurements at 10Hz are presented in Table I. As
shown the non-linear method gives nearly zero speed error
while the linear approximation yields almost a 6% error.

TABLE1
MEASURED SPEED RESPONSE AT 10 Hz
Torque No _ Linear . Non-linegr
compensation __compensation __compensation _
(%) speed (rpm) speed (rpm) speed (rpm)
100 235 290 298
150 173 283 299
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Fig. 10: Steady state speed response including Ir compensation and
slip compensation. Experimental results.
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Fig. 11: Steady state stator current response including Ir and slip
compensation. Experimental results.

2) Dynamic Behavior: Although constant V/Hz drives are
not intended for high performance drives and its dynamic
response is not of primary concern the drive must exhibit a
reasonable dynamic response and avoid instability problems.

Simulation results showing the response to a rated torque
change at 1.2 Hz and to a ramp speed command are presented
in Figs. 12 and 13. In the first case the motor initially stalls
after the load is applied and after 1 second the drive recovers
and reaches the final speed with zero steady state error. The
response to a ramp command shows a good dynamic

behavior.

Fig. 14 shows the experimental response to a rated torque
at 7 Hz commanded frequency and Fig. 15 shows the

response at 2 Hz.
reasonable fast and very stable.

In both cases the dynamic response is
Finally Fig. 16 shows the

acceleration from 0 to 30 Hz.

The experimental results show the excellent response
achieved with the proposed control method even at extremely
low frequencies. Also the dynamic response indicates very
good behavior over the whole frequency range.

o 1 2z »
T (sec)

Fig. 12: Simulated no-load start at 1.2 Hz commanded frequency.
Full load applicd at t= 3 sec. A 10% break-away torque at 2ero
speed is included. Top trace: Rotor speed in rpm; Middle trace:
Stator frequency in Hz: Bottom trace: Instantaneous phase a stator
current in per unit of rated current.
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Fig. 13: Simulated response to a ramp command with full load.
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Fig. 14: Experimental rated torque change. Commanded frequency
7 Hz. Speed error 0.27%. From top to botiom: Stator current,
commanded voltage (magnitude), speed, torque.
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Fig. 15: Experimental rated torque change. Commanded frequency
2 Hz. Speed error 3 rpm. From top to bottom: Stator current, rms
current, commanded voltage (magnitude), torque.
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Fig. 16: Experimental acceleration from 0 to 30 Hz. From top to
bottom: Stator current, rms current, commanded voltage
(magnitude).

VI. STATOR RESISTANCE MEASUREMENT

As it was pointed out in the introduction the only machine
parameter required to implement the control algorithm is the
stator resistance. This parameter is measured during start-up
using the same PWM-VSI inverter.

The stator resistance is measured by applying a dc voltage
between two of the stator phases and leaving the third one
disconnected. The dc voltage is synthesized using the same
PWM inverter and commanding a constant voltage. By
commanding +V g to one phase and -V e (0 another the line-
line voltage contains a dc component (2*V,.,) plus high
frequency components starting at twice the switching
frequency.

The measurement procedure is as follows: after applying
the test voltage the measurement algorithm waits for
approximately 0.6 seconds bcfore starting the current
measurement routine, this is done to avoid the influence of

transients during the measurement . After the waiting period
the current is sampled 4096 times over a time interval of
approximately 0.5 seconds and the average value is
computed. The stator resisiance is obtained by dividing the
applied voltage by the current.

This procedure yields very good accuracy with errors less
than 2%. The accuracy of the method is basically defined by
the accuracy of the current sensor and the quality of the
synthesized output voltage. In this case the accuracy of the
current sensors is fixed at 1%. The accuracy of the output
voltage is guaranteed by using a dc-link voltage measurement
and adjusting the value of Vieq accordingly. The repeatability
of the test is excellent yielding results that are consistent to a
fraction of a percent.

The actual voltage and current wave forms obtained in the
experimental set up are shown in Fig. 17. From top to bottom
the traces in this Fig. are: phase current, commanded voltage.
and measuring flag. The measurement is carried out when
the flag is high. From this Fig.. the need to wait for the
transient response to die out before carrying out the
measurement is clear.

26-Nov -4h
16 45

Rtrestfiozs) f—ms ; ; ! : |
\ s l\ i |

!

2 T
Zs
8.58 V !
-656 v L 1
T
I\ 2
1 T
| . .
; 1
T L}
2 s
5V o L.
1.5 v O a 503 as b 1.988 R 25 he/s
2.5 v 00 — | AFREJ G52V

0 STOPPED

Fig. 17: Stator resistance measurement. From top to bottom: phase-
a current, phase-a commanded voltage, and measurement flag (high
means current acquisition).

VII. INVERTER NON-LINEARITY

Since an accurate voltage control is essential to accomplish
low frequency operation and, as mentioned earlier. an
accurate synthesis of a reduced output voltage is limited by
the non-linear behavior of a PWM-VSI [8-10), it is necessary
to provide some means of compensation. The main effects
that need to be compensated are the dead-time and the
voltage drop across the switches. A detailed discussion of the
compensation scheme used goes beyond the scope of this
paper and it will be presented in a future publication.
However, it is important to mention that in order to achieve a
precise speed control in the low frequency region a voltage




accuracy better than 1 V is required. It is also important to
point out that since the actual blanking time varies with
device's temperature and current. the resulting variation in
wurn-on and turn-off delays requires that the dead-time
compensation must be implemented on-line.

VIII. CONCLUSIONS

A new open loop constant V/Hz control method has been
presented. The influence of the slip regulation, too often
neglected, has been studied in detail and a new compensation
method requiring knowledge of only the stator resistance has
been proposed. The only measurement needed is the stator
current which is accomplished using a low cost open-loop
type of current transducer. Experimental and simulation
results validate the effectiveness of the method and show that
good open loop speed regulation can be achieved. The
proposed drive can be easily implemented in existing vif
drives by modifying only the software. Since the only
machine parameter needed for the control algorithm is the
stator resistance, which is measured during start-up using the
same PWM inverter and control microprocessor, the system
is well suited for operation with off-the-shelf motors without
needing a re-tuning of the control loops if the motor is
replaced. Thus the proposed drive also exhibits self-
commissioning capability.

APPENDIX
PARAMETERS OF THE MACHINE USED IN THE STUDY

TABLE I
INDUCTION MACHINE DATA
3Hp rs=0,89§2“’
230V rr=0.73 Qe
9A Lg=0.065H @
60 Hz L,=0065H @
1740 rpm Lm =0.062 H &

(1): DC measurement: (2): Locked rotor test. (3): No-load test
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