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Abstract — The popular “constant Volt/Hertz” control
method’s backdraw is the lost of torque capability at low
speecl. This is caused by stator voltage drops that at reduced
frequencies are comparable as magnitude with the supply
voltage, More techniques are known to eliminate this
undesirable effect. The best results are obtained by vectorial
compensation of the resistive-voltage * losses. The
compensation applied also to the reactive-voltage drop
described in this paper, offer further improvements of the
induction motor torgue capabilities. The paper also
investigates the computation of the voltage angle- and
amplitude-reference by the current-feedback-based method.
Different approaches are presented, among others the
current-dependent  slope characteristics are especially
discussed in detail. MATLAB-Simulink simulation of a
vectorial compensated current-feedback-based system was
performed, followed by experimental investigation. The
description of the test rig is also given, which is based on a
dSPACE DS1104 controller board. Conclusions and
references are presented.

I. INTRODUCTION

The use of inverters in controlled AC drives ensure
economical (loss-less) operation. With the so-called
“constant Volt/Hertz” (known also as U/f = constant)
method it can be achieved the indirect and empirical stator-
flux control. (i.e. W, =ct.). Since the introduction of the

field-orientation principle and the technological advances
in domain of AC motor control, the main research was
concentrated on vector control area. In spite of this fact,
the scalar control methods still presents some interest, with
problems waiting to be solved at low speed operation. To
achieve the highest possible torque per amper capability of
the stator current, which ensures an optimal use of drive
capabilities, the stator-flux magnitude has to be kept
constant at the rated value. This requirement can be made
by adjusting the ratio between the magnitude (U,) and the
frequency (f;) of the stator voltage.

Fig. 1 presents a basic control scheme of the U/f
procedure. From the reference frequency £, the angular
trequency £,=2nf, and the amplitude of the reference stator
voltage vector U;* are calculated. The three-phase voltage
reference signals will be generated by the ”Sine-Wave
Generator” block. The simplest procedure does not
includes any feedback quantities, and the reference voltage
was usually computed as:

Ref
Uf‘ff:Ust* . (1)

S
Based on experimental results, it can be concluded, that
this simple procedure works satisfactory below and
slightly above the rated speed. However, above rated

speed, the supply voltage cannot be increased and the flux
linkage value will decrease (i.e. the field-weakening
region). For this reason this scalar control method, in order
to maintain the constant flux operation, is applied only at
rated frequency and below.

At Tow speed the voltage drop on the stator reactance
became comparable as magnitude with the applied voltage.
The flux will decrease, and the machine torque capability
will be much smaller as well. For a better operation this
voltage drop has to be compensated. The effect of this
neglected voltage-drop is as more important as the ratio a,
= X/R; is reduced [6]. Above X; = Q.L,, where R, is the
stator resistance and L, = (L, + L, ) is the resultant three-

phase inductance, including also the leakage component.

In order to compensate the effect of these voltage drops
at low speeds, different techniques were developed to
provide more voltage to the motor than the previously
presented simple procedure. This techniques are:

—  Programmed voltage-frequency characteristics [1];

~  Formula-based voltage-drop compensation [6], [10];

—  Current-feedback-based voltage-drop compensation

[1], 3], [5)-
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Fig. 1. Basic configuration of a scalar induction molor drive system,
based on the Volt/Hertz principle

In the case of programmed voltage-frequency
characteristics a supplementary constant voltage is added
at low frequencies. This method has its disadvantage that
at no-load condition over excitation occurs at low speeds.
The formula-based voltage-drop compensation method
computes the corresponding voltage reference based on
imposed frequency and motor parameters, only. The
computation formula is derived from the steady-state
equivalent circnit of the motor. In the both cases is ignored
the voltage dependence on the load. For current-feedback-
based voltage-drop compensation the voltage value is
computed taking into account also the motor actual current,
making thus the prescribed voltage reference load-
dependent.
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An other voltage-drop compensation technique takes
into account the vectorial position of the voltage drop
phasor. This vectorial compensation of stator-voltage drop
offers more accurate performance [7]. In this case the
computational effort is considerable increased. Refined
Volt/Hertz techniques apply load-dependent compensation
of stator-voltage drop. In this paper there are developed the
current-feedback-based voltage-drop compensation
methods.

II. SCALAR COMPENSATION OF THE STATOR
RESISTIVE VOLTAGE DROP

There are known several approaches, which are based on
adding to the stator-voltage a component proportional to
the measured stator-current.

USA

Uy = = =—

Fig. 2. Current compensated Ujf procedure with shifted characteristics (a)
and structure (b)

In a simple approach the current-dependent voltage drop
component is computed as R, where i; represents the rms
value of the actual stator current. This method provides the
torque even if the speed is low. At no-load running, the
machine is still over-exited, because the magnetizing
current is treated as load current. The compensation is also
inadequate in regenerative operation.

In Fig. 2 are presented the control characteristics, which
are parallel shifted. Due to the parallel up-shifting of
voltage-frequency characteristics the voltage-limitation (at
the rated voltage Uyy) is achieved at lower frequencies than
the rated frequency f, which fact is leading to an
inadequate compensation in this upper speed region.

To improve the above described drawbacks, an other
approach is proposed, based on the phase-sensitive
rectifying, using as reference the voltage of a stator-phase
in order to identify the active component of the stator-
current, The current component, which is in phase with the
voltage will be used for voltage boost computing [1].

This inaccuracy may be avoided by current-dependent
modification of the characteristics slope as is shown in Fig.
3,a. That is performed by computing the voltage reference

according to the following relation [3]:

ms —- Ny
U:?qf :‘/5_‘{&1:”, +U:N R, fchf],(2)

SN

where the current dependent slope is:

JZ—[U;;;" - R ] . (3)
S

Fig. 3.b) presents the computing structure of the angle-
and amplitude-reference for stator-voltage generation
based on (2).
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Fig. 3. Current compensated U/f procedure with modified slope of
characteristics (a) and structure (b)

The mathematical calculi involved in voltage
computation are simple. They may be performed even by
means of low-end microcontrollers, supporting low cost
applications.

[II. VECTORIAL COMPENSATION OF THE STATOR
RESISTIVE VOLTAGE DROP

An improved method was introduced in [7]. The
compensation of the stator resistance voltage drop, and is
realized by vectorial adding it to the supply voltage. One of
the advantages of this method is that it requires only a
minimum set of the motor parameters and the
measurement of the stator currents.

R, s Ly

I
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Fig. 4. Steady-state equivalent circuit of the induction motor

Fig. 4 presents the induction motor steady-state
equivalent circuit. The phasor diagram of the stator-circuit
used for this particular control procedure is presented in
Fig. 5.
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Fig. 5. Phasor diagram used for R,compensation

Based on Fig. 5, the magnitude of the em.f E, is
computed as:

E =02+ (R L) ~2U,(R 1 )cosp  (4)

At rated working point the steady-state magnitude of the
E, is defined as E;y. At any f; frequency to ensure the
constant U/f operation, his value will be computed as
Est;'

S

stator voltage can be computed as:

. By substituting this in the previous equation, the

U,=RI cosp+ \/[MLJ—(RJ& F(sing) (3)
Fou

The sin® and cos@ terms are obtained by on-line
computation as the phase difference between the stator
current and voltage vectors, using two vector analyzers,
and a coordinate transformation [12]. They are considered
already common blocks in vector control systems. Using
this voltage-drop compensation method, the torque
capability of the induction machine is substantially
improved. It can be observed on the mechanical (torque-
speed) static characteristics. The main advantage lies not
only in the increased breakdown torque, but also in
extension of the linear section of the static characteristic,
where the drive usually works. From simulation results we
observed that using this compensation method, at the rated
load torque the stator current is maintained at his rated
value.

IV. VECTORIAL COMPENSATION OF THE STATOR
RESISTIVE AND REACTIVE VOLTAGE DROP

By analysing different types of induction machines, it
can be observed, that the voltage drop due to the stator
leakage reactance Xy, is significant, and in some cases
comparably or greater than the stator resistance, even at
low frequencies. This fact leads to the conclusion that also
this voltage drop should be compensated.

An analysis of the X;/R, ratio versus f; frequency for
different types of induction motors is presented in Fig. 6.
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Fig. 6. Xo/R; dependency versus stator frequency for different types of
induction motors

In Fig. 7 the modified phasor diagram is presented for
for indirect air-gap field control by compensation of the
resistive and reactive voltage drop. Based on this diagram
the e.m.f. £, can be expressed as:
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Fig. 7. Phasor diagram for R, and X, compensation

The stator voltage for W, = ct. will be calculated as
follows:

QLI QLT
=——FL+| RI ———""cos@ jcosp+
sing

E [ QLI i
+ | === |- (RSIS)*——i_&coqu} sin” @
\/{ Sov J s @

By compensating both resistive and reactive voltage
drop, further improvements of the torque capability may be
achieved.

7

V. SIMULATION RESULTS

There were performed simulations of current
compensated constant Volt/Hertz operation according to
equations (5) and (7). The nameplate rated data of the
motor are: power Py=2.2 kW, stator frequency f;,=50 Hz,
stator voltage U,=230/400 V, stator current [,,=8.2/4.7 A,
power factor cosp= 0.82, and speed 1,=1420 rpm.

The motor was started under no-load condition. Than it
was gradually loaded until breakdown torque was reached.
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This procedure was repeated for different working
frequencies below the rated one. The simulation results
were obtained for a 15 Nny/s load torque variation.

Fig. 8 presents the simulated characteristics for different
working frequencies, using both of the previously
presented voltage-compensation methods.
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Fig. 8. Simulated artificial static mechanical characteristics for different
frequencies

The natural characteristic at Uy = ct. and fiy is also
plotted on this figure. It can be observed a substantial
increase of the motor torque capability, especially for that
particular case, if both the resistive and the reactive voltage
drops are compensated. Note that even at 5Hz the linear
part of the machine characteristic is greater than at rated
frequency and also at 2.5 Hz the obtained characteristics
are very close to it. At 25 Hz the sudden breakdown of the
characteristics is due to the reason that the computed
voltage has reached the rated value, and was not increased
any more. Taking into account, that the characteristics
were obtained by dynamic simulation, thus can be
considered quasi-static ones.

Because most of the supplies cannot assure more than the
rated voltage 230V to the motor phases, the compensation
methods are *“useless” at rated frequency or above.
However, in order to analyze the possibilities of the
presented voltage drop compensation methods, simulations
were performed for an increased stator voltage value. The
obtained simulation results are shown in Fig. 9.

T

Frequency [Hz]

/1) SRR {: e

' NS A

TN R, compansation o 470 |
' A

' t’? t"‘

B RO
LA

&0 L2 |

0 20 40 &0 a0 100 120

Elactromagnetic torque [Nm]

Fig. 9. Artificial mechanical characteristics at U>Usy for different
frequencies

It can be observed that the increased breakdown torques
for both methods are kept at constant level, only at low
frequencies their value decreases. It is important to note,
that during the dynamic simulation process (due to the
continuous slow variation of the applied load torque), the
obtained points on the characteristics are not exactly the
comresponding steady-state working points. However, on
the linear part of the mechanical characteristic the
difference is not so critical, but beyond the breakdown
torque value this difference is no more neglectable. It is
also important to observe the variations of the stator and
airgap fluxes versus the clectromagnetic torque. At low
working frequencies difficulties occurs in keeping the
stator-flux at constant value.

In Fig. 10 for only resistive voltage drop compensation
the stator-flux is indirectly kept constant at the rated value,
while the air-gap flux decreases. The sudden change occurs
only if the breakdown torque is reached, and the stator-flux
magnitude is also dropping.
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Fig. 10. Variation of the air-gap flux versus electromagnetic lorque, at

different working frequencies for resistive and reactive voltage-drop

compensation

The rotor flux presents variations, as is shown in Fig. 11.
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Fig. 11. Variation of the rotor flux versus electromagnetic torque at
different working frequencies for resistive voltage-drop compensation

In the case of compensation method, when both the
resistive and reactive voltage drops are compensated, the
air-gap flux value will kept at constant level, while the
stator-flux value will increase. At low frequencies and also
beyond the breakdown point may be observed similar
effects as in the previous case. The variation of the stator-
and rotor-flux versus torque for this method (indirect ¥,,
control) is presented in Fig. 12 and Fig. 13, respectivelly.
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Fig. 12. Variation of the stator flux versus electromagnetic torque at
different working frequencies for resistive and reactive voltage-drop
compensation
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Fig. 13. Variation of the rotor flux versus electromagnetic torque at
different working frequencies for resistive and reactive voltage-drop
compensation

The simulation results presented in figures 10-13 shows
that at rated frequency (f;3=50 Hz) the effect of the stator
voltage limitations (at Uy = 230 V r.m.s): the flux values
are kept at constant value until the rated torque is reached

" (15.8 Nm), after that it drops.

For a better analysis of the induction motor operation it
is important to see the variation of the stator current versus
torque, especially at the rated value. Fig 14 presents the
variation of the absorbed stator current versus

electromagnetic torque.
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Fig. 14. Stator current versus torque

It can be observed that the stator currents are smaller if
voltage drop compensation method is used. That means an
optimized working condition from energetical point of
view.

VI. EXPERIMENTAL RESULTS

Fig. 13 shows the structure of the experimental set-up,
which is consisting of the tested induction motor drive (IM
Type 1LA7-4AA10, SIEMENS) powered by a modified
industrial DANFOSS inverter (type VLT5004), which is
controlled by PC, via a dSPACE DS1104 controller card.
The mechanical load machine is a SIEMENS permanent
magnet synchronous machine (PMSM) driven in 4
quadrants by means of a SIMOVERT equipment -
configured in torque-control mode. It provides the
measured actual speed and actual torque value, too,

M r:[]]-: PMSM
DANFOSS SIMOVERT
vLTs004 | —] SCU =
K] <)
PC with )
DS1104 card
and dSPACE
software Y.
N

Fig. 13. Experimental sct-up

The control signals and the acquisitioned data are
conditioned and isolated galvanic by a Signal Conditioning
Unit (SCU). The real-time software is running on
RISC/DSP processers of the DS1104 card, and it is
generated automatically based on MATLAB-Simulink
files. The dSPACE has developed a specific Toolbox for
Matlab. The controlling and monitoring tasks of real-time
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experiments are provided by the “ControlDesk”
experiment software.

Fig. 14 presents the experimental results for the classical
Volt/Hertz method (“e” are measurement points), with no
voltage-drop compensation, and for the R, and X
compensation method (“x” are measurement points).
Mechanical characteristics (torque-frequency) were traced
based on the measurements for different working
frequencies. For each case the motor was started under no-
load condition, then different load torque was applied, up

to 12 Nm.

Mechanical characteristics
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Fig. 14, Mechanical characteristics based on measureraents

The experimental results show the improvement of: the
motor characteristics if the voltage-drop compensation
method was applied. However, there are some differences
between the experimental and the simulation results. These
are due to the fact, that in simulation were not-taken into
account the voltage drops, which appear in the inverter (the
internal resistance of the IGBT-s), in the three-phase
supply cable (on the studied experimental rig is about 4 m
long), and also were neglected the fluctuations of the DC-
link voltage and the dead-time effect.

The voltage drops may be estimated up to 5-6% of the
supply voltage, and due to the fact that voltage is
proportional with the square of the torque, it has a
significant effect on the motor torque capability. Also the
rigidity of the characteristics is changed.

VII. CONCLUSIONS

Based on the simulation and experimental results, we
concluded that the presented Constant Voltage-Frequency
procedure is substantially improved by applying the two
vectorial voltage-drop compensation. An important gain of
these methods is that it makes possible the use of U/
procedure also in the low frequency region (2.5 Hz).

During experimental measurements we observed, that
supplementary voltage drops appears on different
components of the drive system (like the inverter, or the
three-phase supply cable, etc.), which were not taken into
account in this paper. Further improvements of the
machine working characteristics may be made also by
applying slip compensation. At very low speed some
instability appears, therefore it was necessary to introduce
a first-order leg for filtering the current dependent

component of the stator-voltage computation.
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