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This paper designs a hybrid speed controller in which a Sine Triangle Pulse Width Modulated (SPWM) inverter is used below the
base speed and a square wave inverter is employed above the base speed. The two inversion techniques complement each other
for their advantages and disadvantages below and above the base speed. This paper proposes a unique strategy for the transition
between SPWMand square wave by simply setting the frequency of the carrier signal equal to zero.The proposedmethodology in a
way uses only one inversion technique and realizes a seamless transition from the SPWM to square wave compared to conventional
method in which modes are simply switched from SPWM to square wave and vice versa when the speed changes above and below
the base speed, respectively. Computer simulations show that the proposed technique has smoother torque transition and thus a
better speed response compared to conventional approach of inverter mode switching around the base speed. The performance of
proposed hybrid approach is also validated on a small prototype induction motor through experimental results.

1. Introduction

The high speed, medium to high power induction motor
drives have a wide variety of applications like traction drive
of high speed railway, alternative energy vehicles, and many
other industrial applications. However, in these high speeds,
high power drives, the sine triangle PWM technique becomes
impractical because of lower DC bus utilization, higher
fundamental frequency at which the motor operates during
high speed operation, and unavailability of high power
devices with high switching frequencies. Thus, for all such
applications, square wave inverters are being employed [1–
5]. However, the square wave inverter suffers from the har-
monics problems which are currently being controlled using
adjustable filters for such drive systems [6, 7]. The harmonics
problem becomes worse as motor speed becomes lower than
the base speed. The low frequency operation reduces the
motor leakage inductance which increases the harmonics
current and thus reduces the motor efficiency badly [2]
and also causes torque pulsations in the machine. Another
problem at the low speed operation is that motor voltage
needs to be proportionally adjusted to the motor speed. This

voltage for a fixed DC bus voltage cannot be controlled using
a squarewave inverter, while with a Sine Triangle PulseWidth
Modulated (SPWM) inverter the inverter output voltage can
be controlled by controlling the amplitude of reference signal.
To overcome these problems, this paper designs a hybrid
PWM technique in which a SPWM inverter is used below the
base speed and a square wave inverter is used above the base
speed. The proposed strategy is implemented for volts per
hertz control of induction machine. The overall drive system
is shown in Figure 1. The transition from the sine triangle to
square wave inverter above the base speed is realized in a new
and unique way by simply setting the frequency of the carrier
signal equal to zero. Thus, the proposed method uses only
SPWMtechnique and yet realizes the SPWMoperation below
the base speed and square wave operation above the base
speed. This avoids the torque discontinuity which normally
occurs while switching between the sine triangle and any
other PWM technique to square wave [8, 9]. The proposed
strategy is implemented on a small low power, low voltage
prototype motor in the lab. A small motor is used just to
prove the concept but the targeted applications are medium
to high power and high speed drives where high power
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Figure 1: Overall speed control system.

and high frequency switching devices are not yet available.
Therefore, the carrier frequency in this work is set to a
relatively lower value of 1050Hz below the base speed. The
SPWM and square inverters are compared and proposed
strategy is elaborated in Section 2; Section 3 presents the
simulation results comparing the conventional approach of
mode switching and the proposed technique, and finally
experimental results are included in Section 4 and concluding
remarks are made in Section 5 of this paper.

2. The Proposed Hybrid Approach

The square wave and sine triangle inverter are the two
widely used techniques for the speed control of the induction
machine. The harmonics analysis of a square wave inverter
yields the following [10]:

𝑉
𝐿−𝐿
=
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4𝑉
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𝑛𝜋
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Equation (1) indicates that 5th and 7th harmonics are the
most dominant ones for a square wave inverter. Thus, at the
low speed operation with, for example, a reference frequency
of 5Hz, the first two dominant harmonics occur at the
frequencies of 25Hz and 35Hz. These harmonics are present
at frequencies very close to the fundamental component
and hence cannot be filtered out. At such low frequency
operation the leakage inductance of the machine will be
very small and its effect in the current cannot be filtered
out which even affects the machine torque badly and causes
torque pulsations. Another major drawback of the square
wave inverter operation at the low speed is that only voltage
frequency can be controlled and not the magnitude. The
SPWM inverter on the other hand can adjust both the voltage
and frequency required by the scalar control of the machine.
The harmonic profile of the sine triangle PWM inverter is
given by [10]

𝑓
ℎ
= (𝑗𝑚

𝑓
± 𝑘)𝑓

1
, (2)

where 𝑗 = 1, 3, 5, . . . for 𝑘 = 2, 4, 6, . . . and 𝑗 = 2, 4, . . .
for 𝑘 = 1, 5, 7, . . ., such that 𝑗𝑚

𝑓
± 𝑘 is not a multiple

of three. Equation (2) indicates that, for a sine triangle
inverter, the lowest harmonic present in the output voltage
is shifted to the switching frequency of the inverter. The
harmonics in the inverter output voltage waveform appear as
sidebands, centered on the switching frequencies and their
multiples, that is, around𝑚

𝑓
, 2𝑚
𝑓
, 3𝑚
𝑓
, and so on.Thus, the

harmonics for a sine triangle inverter are shifted to higher
frequencies which are easy to filter and also their effect due
to high frequency is not dominant in the torque pulsations
especially at low speed. The SPWM inverter adjusts both
the voltage and frequency required for the scalar control
technique. However, the problem with SPWM is its poor DC
bus utilization above base speed where a maximum voltage is
desired. The square wave inverter on the other hand has an
advantage of a better DC bus utilization which can be used
to apply maximum possible voltage to the motor. Therefore,
a square wave inverter becomes a better choice at high speed
as compared to the SPWM inverter. The DC bus utilization
is second major advantage of the proposed hybrid technique.
The rms fundamental line voltage for a square wave inverter
is given by [10]

𝑉
𝐿1
=
4𝑉dc sin 60

∘

√2𝜋
= 0.7797𝑉dc. (3)

As for SPWM (for 𝑚
𝑎
≤ 1.0), the fundamental frequency

component in the output voltage varies linearly with the
amplitude modulation ratio𝑚

𝑎
and can be represented as

𝑉
𝐿1
= 0.612𝑚

𝑎
𝑉dc. (4)

Themaximumpossible rms value of the fundamental compo-
nent with SPWM, set at a modulation index of 1, is 0.612𝑉dc,
which is approximately 21.5% less than that of the squarewave
inverter. This problem of poor DC bus utilization becomes
more critical when the motor has to be operated at higher
speeds. The other problem with SPWM operation at high
speeds is that the fundamental frequency may reach about
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1 kHz which requires very high switching frequency devices
whose availability with high power ratings is an issue. Thus,
the solution is to use a SPWMat low speeds and a squarewave
inverter at high speed operation.

Based on the comparison of the square wave and SPWM
inverter outlined above, the square wave and SPWM tech-
niques complement each other in the two regions of oper-
ation, that is, below and above the base speed. The SPWM
has higher frequency harmonics around the switching fre-
quency below the base speed, while a square wave inverter
has better DC bus utilization and inverter switches are to
relatively operate at lower switching frequency for high speed
operation. Thus, this paper proposes the motor controller
design which uses SPWM below the base speed and square
wave inverter above the base speed. In order to realize the
square wave inverter, the carrier frequency of the triangular
waveform is set to zero whichmakes seamless transition from
the SPWM to a square wave inverter.The output voltage does
not remain a train of pulses and is held constant at a value
of 0.78𝑉dc and thus the inverter essentially becomes a square
wave inverter. The square wave inverter supplies a higher
line-to-line voltage to the motor and thus higher DC bus
utilization can be achieved.

Figure 2 details the methodology for proposed hybrid
operation and gating signal generation. It consists of two
blocks; one for the carrier frequency control and the other for
controlling the reference voltage.The frequency control block
is responsible for generating the triangular carrier waveform
with a frequency, 𝑓

𝑐
, depending on the command speed

whether it is below or above the base speed. The carrier
frequency is set to 1050Hz if command speed is below the
base speed and is set to zero if the reference speed is equal
or above the base speed. The reference voltage control block
is used to generate the 3-phase reference signals with a given
modulation index, 𝑚

𝑎
, and frequency. If the desired speed is

below base speed, the V/Hz block determines a voltage level
and, consequently, a value for 𝑚

𝑎
, to maintain the constant

flux ratio. If it is above base speed, 𝑚
𝑎
is kept constant. The

3-phase reference signals are then compared with the carrier
and the gating signals are generated.

Table 1: Prototype induction motor parameters.

415V 0.4A 175W
𝐿 ls = 𝐿 lr = 87mH 𝐿

𝑚
= 1.9H 1475 rpm

𝑅
𝑠
= 50Ω 𝑅

𝑟
= 16Ω 4 poles

3. Simulation Results

The proposed system is simulated using MATLAB/Simulink
to validate its performance. The parameters of the 175W
prototype motor used for the simulations and experimenta-
tion are given in Table 1. In the simulations as well as the
experiments, 𝑓

𝑐
is chosen to be 1050Hz to eliminate the

triplen harmonics for SPWM operation. The algorithm is
validated on a low power prototype motor but the targeted
applications are medium to high power drive systems. Thus,
the carrier frequency chosen is low because, for high power
high speed applications, high frequency switching devices are
not available.

The first set of simulation compares the operations of
square wave and SPWM inverter below and above the base
speed and the results for the voltage and current waveforms
are shown in Figures 3–5.The reference speed below the base
speed is set at 750 rpm and that of above base speed is set at
1800 rpm. Figure 3 shows the voltage waveform at 750 rpm.
Since this is below base speed, the voltage at the DC bus,
𝑉dc, is manually adjusted at 300V to maintain the rated flux
for the 𝑉/𝑓 operation at this speed. While using the SPWM
inverter, the DC bus is retained at its full capacity, that is,
535V. The FFT analysis is shown in Figures 3(b) and 3(d)
for the square wave and SPWM, respectively. It can be seen
that the square wave inverter has presence of lower order
harmonics in contrast to SPWM, with the former having its
first two harmonics at 125Hz and 175Hz, that is, the 5th
and 7th harmonics. The SPWM FFT shows that the first two
harmonics occur at 1000Hz and 1100Hz, centered around the
carrier frequency at 𝑓

𝑐
± 2 ⋅ 𝑓

1
, where 𝑓

1
is the fundamental

frequency. Using the square wave inverter the voltage at the
fundamental frequency is 165V whereas in SPWM it is found
to be 147V.This is in accordance with the previous discussion
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Figure 3: Voltage profile for 750 rpm.

1 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 1.1

−1

0

1

Time (s)

Cu
rr

en
t (

A
) Six-Step square wave—time domain and FFT

(a)

0 50 100 150 200 250 300 350 400 450 500

Frequency (Hz)

Cu
rr

en
t (

A
)

0

0.1

0.2

(b)

1 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09 1.1

0

1

Time (s)

Cu
rr

en
t (

A
)

−1

SPWM—time domain and FFT

(c)

0 500 1000 1500 2000 2500
Frequency (Hz)

0

0.1

0.2

Cu
rr

en
t (

A
)

(d)

Figure 4: Current profile for 750 rpm.

of a higher line-to-line voltage in the square wave inverter.
However, this advantage cannot be put to good effect in closed
loop operation below base speed since there is an issue with
maintaining the constant flux ratio.

Figures 4(a) and 4(c) show the time domain currents
for the 750 rpm operation. Figures 4(b) and 4(d) show the
current harmonics appearing at the same frequencies as
those of the voltage harmonics. However, their magnitudes
are lower in relation to the fundamental component since
the load is an induction motor. It should be noted that
current waveform of the SPWM inverter is closer to a sine
wave as compared to the current waveform of the square
wave inverter. This is because the motor’s inductive behavior
prevents rapid changes in current as the inverter gates are
rapidly switched on and off. The most dominant harmonic
for a square wave inverter is the 5th one occurring at about
125Hz and its magnitude is quite high which can lower the
machine efficiency and cause torque ripples in the machine.
The SPWM inverter’s most dominant harmonic is around the
switching frequency of 1050Hz and itsmagnitude is quite low
thus favoring the motor operation using SPWM at low speed.

Figure 5 shows the voltage profile at a reference speed of
1800 rpm for both types of inverters.The time domain signals

are shown in Figures 5(a) and 5(c) and the FFT is shown in
Figures 5(b) and 5(d). In both tests the DC bus is maintained
at its full capacity. During operation above base speed, the
voltage and current harmonics of the six step show the same
behavior, that is, more pronounced (high magnitudes) lower
order harmonics. The first two harmonics appear at 300Hz
and 420Hz as can be seen in Figure 5(b). The lower order
harmonics in this case do not pose that big of a disadvantage,
since their magnitude is low and they do not appear close to
the fundamental component.Themagnitude of fundamental
voltage for the square wave and SPWM mode is found to be
293V and 178V, respectively. It is evident in this case that
the square wave inverter is clearly more desirable since it
yields a higher line-to-line voltagewhich is verymuch needed
for the high speed operation. Hence, it can be concluded
that above the base speed square wave technique has the
advantage of better DC bus utilization applying a higher line-
to-line voltage to the machine as illustrated by (3). Also, in
contrast to the low speed operation there is no need to adjust
the DC voltage because it is set at its full value.

The second set of computer simulations is performed to
investigate the performance of proposed technique for the
speed control response and torque ripples. Two cases are
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Figure 5: Voltage profile for 1800 rpm.
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Figure 6: Case I: steady-state speed and torque response with mode switching.

presented here: Case I, in which the inverter is switched from
sine triangle to square wave inverter and Case II that realizes
the suggested mode switching from sine triangle to square
wave by suppressing the 𝑓

𝑐
to zero. These cases are tested for

both the steady-state and the dynamic speed operation.
In the steady-state operation, the speed is kept at 1500 rpm

and the mode is changed using the technique mentioned in
Case I. The plots obtained are shown in Figure 6. Figures
6(a) and 6(b) are the speed and the torque plots, respectively,
while Figures 6(c) and 6(d) are the zoomed plots at the
transition. It can be seen that the speed drops from 1500 rpm
to 1280 rpmbefore it rises to its steady-state value of 1500 rpm.
Consequently, for this speed drop there is a negative torque
with a magnitude of 13.43N⋅m before it stabilizes to a steady-
state value. To avoid this high torque discontinuity, it is
proposed to use the method of Case II, whose results are
presented in Figure 7. Figure 7 shows that, in this case,
although the speed varies during the transient, it does not
exceed a value more than 20 rpm from its steady-state value.
The torque transient is also improved as it varies only between
2.4 and −2N⋅m during this transition.

Next, the two cases are investigated for their performance
while the command speed changes from just below the base
speed to above base speed. Test speeds of 1450 rpm and

1600 rpm are used to prove the case in point. Figures 8 and
9 depict the results of the test scenarios for Cases I and
II, respectively, where the speed waveforms are shown in
subplots in Figures 8(a) and 9(a) and torque waveforms are
shown in Figures 8(b) and 9(b). In Case I, it can be seen from
the enlarged plots in Figures 8(c) and 8(d) that the torque
transition when the command speed changes from 1450 rpm
to 1600 rpm is quite significant. The torque changes to a
negative value of 11.4N⋅m which initially drops the machine
speed to 1360 rpmbefore it rises to 1600 rpm.On the contrary,
the torque discontinuity which is quite evident in Case I
does not occur in Case II. A positive torque of 2.6N⋅m is
generated to increase the motor speed and the motor speed
smoothly settles to the desired value.The speed does not drop
during this transition in contrast to Case I in which speed
dips to 1360 rpm before changing to the desired reference.
This shows that the dynamic performance with the proposed
algorithm has very much improved and provides a smoother
speed transition proving that the proposed method of mode
switching is a better alternative.

Finally, Figure 10 shows the simulation results from
changing the reference speed from 1200 rpm to 1800 rpm
and consequently to 2200 rpm with the proposed algorithm.
Figure 10(b) shows how the voltage waveforms change from
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Figure 7: Case II: steady-state speed and torque response with proposed algorithm.
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Figure 8: Case I: dynamic speed and torque response with mode switching.

a PWM waveform to that of a square wave when command
speed changes to a speed above base speed. The current
waveform is also shown in Figure 10(c). Thus, the intensive
computer simulations performed above validate the proposed
algorithm and prove that it has lesser torque ripples and a
better speed response when the inverter mode is changed
from PWM to a square wave mode of operation for high
speed control of induction machine.

4. Experimental Results

In order to validate the simulation results, experiments are
performedon a 415Volt, 175Watt prototype 50Hz, 4 pole, and
3-Φ induction machine whose rated speed is about 1475 rpm.
The motor parameters are already included in Table 1. The
dSPACE CP1104 board is used for implementing the control
algorithms. The experimental setup on which the tests are
carried out is shown in Figure 11. Tests are carried out with a
carrier frequency of 1050Hz. Figure 12 represents the voltage
profile for the case below base speed, that is, 750 rpm. Figures
12(a) and 12(b) represent the line voltage waveform using
square wave inverter and the harmonics profile, respectively.
Similarly, Figures 12(c) and 12(d) represent the line voltage

using sine triangle modulation and the corresponding har-
monics analysis.The experimental results like the simulations
show that the harmonics in the square wave occur at lower
frequencies in comparison to the SPWM where they are
located at higher frequencies. Hence, the harmonics of sine
triangle inverter can be filtered out easily as compared to the
square wave inverter. This advantage of sine triangle inverter
is one major reason for using this modulation technique for
below base speed operations.

Figure 13 shows the experimental results for a wide range
of speed control. The motor is initially operated below the
base speed at 1200 rpm.The command speed is stepped up to
1800 rpm and finally to 2200 rpm well above the base speed.
The system operates using sine triangle modulation below
base speed conditions, that is, below 1475 rpm,while it utilizes
the square wave inverter above the base speed (Figure 14(b)).
It can be seen that the system successfully adjusts the actual
speed of the motor very close to the reference speed for both
types of modulation techniques. The system also successfully
switches from sine triangle to square wave without any
discontinuity in the speed response. Figure 13(b) shows the
voltage waveform for the complete operation of the machine
at the three different speeds. Figure 13(c) shows the machine
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Figure 9: Case II: dynamic speed and torque response with proposed algorithm.
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Figure 13: Experimental results for below and above base speed operation.
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Figure 14: Experimental results for system operation at 1200–1800 rpm.
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Figure 15: Experimental results for system operation at 1800–2200 rpm.

line current for these operating conditions.The experimental
results are enlarged and displayed in detail in Figures 14
and 15. Figure 14 represents the experimental results at 1200–
1800 rpm operation. The operation of the machine at 1800–
2200 rpm is shown in Figure 15. It is evident fromFigure 14(b)
that the line voltage of themachine changes from sine triangle
modulation waveform to that of the square wavemodulation.
Hence, the system successfully switches between the two
modulations techniques without any discontinuity which
occurs during the conventional mode switching.

5. Conclusion

A variable speed drive system that uses SPWM below base
speed operations and square wave technique above the base
speed has been successfully simulated and implemented.
Based on the simulations and experimentations results, it
can be concluded that this hybrid approach combines the
advantages of square wave and SPWM for all speed ranges
for scalar control of induction machine. The issue of lower
order harmonics in square wave operation when operating
belowbase speed is overcomeby using SPWMinverter.When
operating at the high speed in the field weakening region the
square wave operation is more practical because it provides a
higher fundamental line-to-line voltage applied to the motor.
The transition between the two modes of operation is made
seamless by simply setting the frequency of carrier signal to
zero. The computer simulations show that the torque and
thus the speed response of the proposed algorithm are better
than the conventional approach in which inverter mode is
simply switched from sine triangle to square wave inverter.
The proposed technique is experimentally validated in the lab
as well and shows the potential for increasing the efficiency
and providing better performance for high speed, high power
traction and industrial drives applications.

Nomenclature

𝑛sync: Synchronous speed of motor
𝑃: Number of poles
𝜔ref: Reference speed
𝜔
𝑟
: Rotor speed
𝜔
𝑠
: Slip speed
𝜔
𝑒
: Inverter command frequency
𝑉abc: Inverter output voltage
𝑉abc∗ : Inverter command voltage
𝑓
∗: Command frequency to inverter
𝑉dc: DC bus voltage of inverter
𝑓: Electrical frequency
PI: Proportional integral controller
𝑒: Error signal
𝑚
𝑎
: Modulation index
𝑚
𝑓
: Frequency modulation ratio
𝑓
𝑐
: Carrier frequency
𝑓
ℎ
: Frequencies at which harmonics occur
𝑓
1
: Fundamental frequency.
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