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A Novel High-Performance Strategy for A Sensorless
AC Motor Drive

Dong-Hee Lee and Young-Ahn Kwon

Abstract - The sensorless AC motor drive is a popular topic of study due to the cost and reliability of speed and position
sensors. Most sensorless algorithms are based on the mathematical modeling of motors including electrical variables such as
phase current and voltage. Therefore, the accuracy of such variables largely affects the performance of the sensorless AC motor
drive. However, the output voltage of the SVPWM-VSI, which is widely used in sensorless AC motor drives, has considerable
errors. In particular, the SVPWM-VSI is error-prone in the low speed range because the constant DC link voltage causes poor
resolution in a fow output voltage command and the output voltage is distorted due to dead time and voltage drop. This paper
investigates a novel high-performance strategy for overcoming these problems in a sensorless ac motor drive. In this paper,
a variation of the DC link voltage and a direct compensation for dead time and voltage drop are proposed. The variable DC
link voltage leads to an improved resolution of the inverter output voltage, especially in the motor's low speed range. The
direct compensation for dead time and voltage drop directly calculates the duration of the switching voltage vector without
the modification of the reference voltage and needs no additional circuits. In addition, the proposed strategy reduces a current
ripple, which deteriorates the accuracy of a monitored current and causes torque ripple and additional loss. Simulation and

experimentation have been performed to verify the proposed strategy.
Keywords - sensorless AC motor drive, SVPWM, variable link voltage, dead time compensation, current ripple

1. Introduction

Variable-speed drives are being continually improved.
The sensorless ac motor drive has recently been a popular
topic of study due to its several advantages [1-3]. Most
sensorless algorithms are based on the mathematical
modeling of motors including electrical variables such as
phase current and voltage. Therefore, the accuracy of such
variables largely affects the performance of the sensorless
ac motor drive. The SVPWM-VSI (Space Vector Pulse
Width Modulation of Voltage Source Inverter) is widely
used for high performance of variable-speed sensorless AC
motor drives but the output voltage of the SVPWM-VSI
supplying a motor has a considerable error because it is
distorted by a variety of sources. Most studies for

. improving performance of the SVPWM-VSI have
concentrated on switching pattern and dead time
compensation [4-9]. However, a constant DC link voltage
that is appropriately fixed to the rated load causes a large
voltage error and current ripple in the low speed range of
a motor because it has poor resolution in a low output
voltage command of the SVPWM-VSI, that is, in a low
speed command. In addition, a current ripple produced in
the SVPWM-VSI deteriorates the accuracy of a monitored
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current and causes torque ripple and additional loss.

This paper investigates a novel high-performance
strategy for overcoming these problems in a sensorless
AC motor drive . In this paper, a variation of the DC link
voltage and direct compensation for dead time and
voltage drop are proposed for an improved output voltage.
The variable DC link voltage improves the resolution of
the output voltage of the SVPWM-VSI, especially in a
low output voltage command. The direct compensation for
dead time and voltage drop directly calculates the
duration of the switching voltage vector without the
modification of the reference voltage and needs no
additional circuits. In addition, the proposed strategy has
an advantage of reducing a current ripple produced in the
SVPWM-VSI. The proposed strategy is verified through
simulation and experimentation which are performed in a
sensorless AC motor drive.

2. The Sensorless AC Motor Drive

Sensorless drives eliminate additional mounting space,
increase the reliability in harsh environments, and reduce
the cost of the motor. Recently, various sensorless
algorithms of the ac motor drive have been proposed for
the elimination of speed and position sensors: estimators
using state equations, model reference adaptive systems,
Luenberger or Kalman observers, direct control of torque
and flux, artificial intelligence, saliency effects, and so
on. Most sensorless algorithms are based on the mathe-
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matical modeling of motors, and all the information is
obtained by utilizing the monitored voltages and currents
[3]. Therefore, the accuracy of such variables largely affects
the performance of the sensorless AC motor drive.

Fig. 1 shows the block diagram of a variable-speed
sensorless AC motor drive. The terminal currents are
directly measured from a motor, but terminal voltages are
not directly monitored because of switching noise. The
motor voltages, which are obtained from the command
voltage, are substituted for the terminal voltages. However,
the output voltage of the SVPWM-VSI supplying a motor
has a considerable error, especially in a low speed range. A
constant DC link voltage that is appropriately fixed to the
rated load has a poor resolution in a low speed range, and
the inverter output voltage is distorted due to dead time and
voltage drop. In addition, a current ripple produced in the
SVPWM-VSI deteriorates the accuracy of a monitored
current and causes torque ripple and additional loss. This
study concentrated on solving these problems to obtain high
performance of sensorless ac motor drive.
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Fig. 1 Block diagram of variable-speed sensorless drive

3. The SVPWM-VSI
3.1 SVPWM switching scheme

Fig. 2 shows a three-phase VSI connected to an AC
motor. Currently, SVPWM of inverter switches is widely
used for high performance of a variable-speed sensorless
AC motor drive. Various SVPWM techniques have been
studied due to the advantages of low harmonic distortion
and high modulation ratio of the DC link voltage compared
to other PWMs [4-6].
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Fig. 2 A simple diagram of three-phase VSI

From the eight switching states of the VSI, six

effective (non-zero) and two zero voltage vectors are
possible as shown in Fig. 3(a). Two zero voltage vectors
are associated with the states of the upper three switches
closed or the lower three switches closed. Magnitudes of
six effective and two zero voltage vectors are 2/3 V,
and zero, respectively. A certain voltage vector may be
obtained by the combination of switching voltage vectors.

Therefore, a switching pulse pattern of inverter
switches is determined from the combination of switching
voltage vectors, and several combinations are possible.

The reference voltage of each phase may be written as
follows if the reference voltages of three phases are
sorted by magnitude.

Viax” = Vgt + L v 1)
V" = — Tlg‘ Vdc'% + % Vdc% (2
VMIN* = —% Vdc% - % Vdc% 3)
Viax™ + Vi~ + Vin™ = 0 C))

where T's is the sampling period and T, Ty, Ty are
the durations of effective and zero voltage vectors.
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(a) Switching voltage vectors
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(b) Switching pulse pattern
Fig. 3 Switching voltage vectors and pulse pattern of the
SVPWM-VSI

The SVPWM switching scheme may be easily imple-
mented by a simple sorting of reference voltages as
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shown in Egs. (1) - (3){10].
From Egs. (1) - (3), the durations of switching voltage
vectors are obtained as follows : ’

x o 1
Ty = (2Vyax™ + V™) V_S %)
dc
* * T
T, = —(Viyax + 2 Vi )—Vj ©)
TO - Ts - (T1 + Tz) (7)

From Egs. (5) - (7), the switch-on duration of the upper
switch of each phase may be determined as

TMAX* - T0/2 + T] + Tz (8)
Tum® = Tol2 + T 9
TMIN* = To/2 (10)

From Egs. (8) - (10), the switch-on durations of the
upper switches, Tyax*, Tup” and Tuy™, are directly
calculated from 7T, T, and T,. Fig. 3(b) shows the

switching pulse pattern where Syux™, Sup” and Syw”
mean phase switching signals that are sorted by

magnitude.
3.2 Output voltage resolution

The switch-on duration of inverter switches obtained in
Section 3.1 may not be exactly realized because the
switching time of the switching voltage vector is
determined by the subsampling frequency (resolution
frequency) as shown in Fig. 4. In this figuré, Ty is the
calculated switching time, and t,, is the actual switching
time. This difference causes an output voltage error,
which is serious in a low output voltage command of the
SVPWM-VSIL. Figs. 5(a) and 5(b) show output voltage
errors due to voltage resolution where the frequency of a
reference output voltage is 6.667 Hz and the sampling
period is 100 us. It is assumed that an output voltage
error may be largely reduced if the ratio V,,*/V, is
appropriately controlled and is located in the normal
range.

Ts

tea Resolution Clock

terri : Verr = ferr X Vs

| Inverter Output Voltage

Fig. 4 Calculated and actual switching times
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Fig. 5 Output voltage error due to voltage resolution

3.3 Dead time and voltage drop

The output voltage of the SVPWM-VSI has an error
due to dead time and voltage drop. Dead time is always
required to avoid short circuiting of the two switches in
each leg of the inverter and is chosen to be a few
microseconds for a fast switching device. Voltage drop is
due to a forward voltage across the switching device in
the on state. Fig. 6 shows the effect of dead time in the
SVPWM-VSI. The current waveforms are obtained from
a computer simulation which is performed in dead times

of zero and 10 xs. Output voltage is 10/V2 V, V. is 20
V in no dead time, and V. are 20V and 100V in 10 us

dead time. The dead time effect is large in a high DC
link voltage, and many studies have pursued its
compensation {7-10].
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Fig. 6 Dead time effect in the SVPWM-VSI
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4. Proposed Strategy
4.1 Variable DC link voltage

To reduce an output voltage error due to voltage
resolution, a variable DC link voltage system is proposed.
In this system, DC link voltage is appropriately controlled
according to the reference output voltage of the
SVPWM-VSI. Variable DC link voltage may be imple-
mented by several topologies [11,12]. In this paper, a
simpfe and well-known Buck converter is utilized as
shown in Fig. 7.

DC Link Voltage Controller

* * *
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Gate - Ky + Ko 3 O Kot
Drive S _

Vae

R Tr— -

Lr
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Fig. 7 Variable DC link voltage system

The DC link voltage should remain at or above a
certain value so that the system may be stable. Therefore,
the modified reference voltage may be written as follows
and may be realized by using a feedback control as
shown in Fig. 7.

Vm* = kv Vref* + VT (11)

where £k, is the proportional constant, V', is the limit value
of DC link voltage, and V,," ( =V V "+ V ") is

the command voltage calculated in sensorless controller.

The limit value of the DC link voltage is determined
for the stable performance of variable DC link voltage
system and is 5V in this paper. In addition, the variable
DC link voltage has an advantage of reducing a current
ripple produced in the SVPWM-VSI and of reducing
torque ripple and additional loss due to current ripple.
This effect is well shown in Figs. 8(a) and 8(b), which
are the current ripples produced in DC link voltages of
300V and 15V and in one sampling period of 200 us.
The shadowed parts of Fig. 8 are the voltages applied to
the phase winding of a motor, and the voltages have the
same average value in both cases. Fig. 8 demonstrates
that the current ripple is largely reduced in a low DC link
voltage.

4.2 Direct compensation of dead time and voltage drop

Many studies have been performed to compensate for
dead time and voltage drop [7-9]: methods have been
proposed using an additional circuit, considering the mean
voltage error produced during sampling period, and
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Fig. 8 Current ripples in DC link voltages of 300V and
15V

modifying switching time by using a feedback current
controller. These methods require an additional circuit or
controller or do not consider the effect of magnitude and
direction of conducting current. The proposed algorithm
using direct compensation for dead time and voltage drop
is described here. Fig. 9 shows the switching pulse
pattern including dead times. The switching pulse pattern
used in this study produces two dead times for reducing
the effect due to dead time, while a typical switching
scheme shown in Fig. 3(b) produces three dead times. In
Fig. 9, subscripts + and - mean upper and lower switches
of inverter legs, respectively.

To T: T2 T: T: To

Smw~  E s ; . T
Fig. 9 Switching pulse pattern including dead time

The output voltage of the inverter in each switching
state depends on the magnitude and direction of the
conducting current. Fig. 10 shows the current path in
each switching state. It has been assumed in Fig. 10 that

Vo= Viax > V= Vaup'» Vo= V' and the current
{yup in the phase of V" is positive. The voltage drop
of the switching device is determined according to the
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current path and the magnitude of the conducting current.
Table 1 shows the voltage drop of the IGBT and diode
used in this study.

The output voltage of the SVPWM-VSI and the
modified switching time, including dead time and voltage
drop, are described in the Appendix.

444
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Table 1 Forward voltage drop of IGBT and diode used in
this study

Current [A] 1.0 | 30 | 50| 70 | 9.0 | 11.0| 13.0 | 15.0

VeelV], 25C |0.886(1.191|1.377[1.517|1.631[1.729|1.815|1.893

VeplV1, 25T [0.93311.162|1.376|1.584 | 1.791 { 1.996 | 2.200 | 2.403

5. Simulation

The simulation has been performed to verify the
proposed strategy applied to a sensorless AC motor drive.
In this study, a PMSM drive and a state observer based
sensorless algorithm are used in the sensorless AC motor
drive. A state observer based sensorless algorithm is a
well-known senorless algorithm with good performance in
the overall speed range [13,14]. Table 2 shows the
specification of a PMSM used in the simulation and
experimentation. Fig. 11 shows the speed and position
responses in the speed command of 25 rpm and the fixed

DC link voltage of 300V, and Figs. 11(a) and 11(b) show
the simulation without and with direct compensation for
dead time and voltage drop, respectively.
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Fig. 11 Speed and position responses in the fixed DC
link voltage, 300V

Table 2 PMSM specification

the number of poles 8

rated output 600 W

rated current 5.8 A

emf constant 0.175 Vsec/rad
stator resistance 0.85 @

stator inductance 3.5 mH
connection Y
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Fig. 12 Speed and position responses in the variable DC
link voltage

Fig. 12 shows the speed and position responses in the
speed command of 25 rpm and the variable DC link
voltage, and Figs. 12(a) and 12(b) show the simulation
without and with direct compensation for dead time and
voltage drop, respectively.

The simulation results show that the fixed DC link
voltage of 300 V fails to bring a motor speed to the
command speed of 25 rpm with both considering and not
considering compensation for dead time and voltage drop,
but the variable DC link voltage performs well even in a
low speed. The direct compensation for dead time and
voltage drop is well combined with the variable DC link

voltage and reduces a steady state error in the speed and
position responses as shown in Fig. 12.

6. Experiment and Discussions

The experiment has been performed in the sensorless
PMSM drive, which is described in the simulation. The
80586 microprocessor system is used for digital
processing of the proposed algorithm. Fig. 13 shows the
experimental speed response in the speed command of 25
rpm and the fixed DC link voltage of 300 V, and Figs.
13(a) and 13(b) show the experimental results without
and with direct compensation for dead time and voltage
drop, respectively.
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Fig. 13 Experimental speed response in the fixed DC link
voltage, 300V

Fig. 14 shows the experimental speed response in the
speed command of 25 rpm and the variable DC link
voltage, and Figs. 14(a) and 14(b) show the experimental
results without and with direct compensation for dead
time and voltage drop, respectively. The experimental
results also show that the fixed DC link voltage of 300V
fails to bring a motor speed to the command speed of 25
rpm  with both considering and not considering a
compensation for dead time and voltage drop, but the
variable DC link voltage has good performance even in a
low speed. The dead time and voltage drop compensation
reduces a steady state error in the speed response.
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Fig. 14 Experimental speed response in the variable DC
link voltage
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Fig. 16 Experimental speed response and current
waveform in a load variation (25rpm, 0—35Nm)

Fig. 15 shows the experimental speed response and
current waveform in the bidirectional operation of the
speed command of *25 rpm, obtained from the appli-
cation of the proposed algorithm.

Fig. 16 shows the experimental speed response and
current waveform in case the load torque of 4 Nm is
applied in the middle of the operation of the speed
command 25 rpm, obtained from the application of the
proposed algorithm.

7. Conclusions

This paper investigates a novel high-performance
strategy for a sensorless AC motor drive overcoming the
poor resolution of the SVPWM-VSI in the low speed
range of a motor and a voltage distortion due to dead time
and voltage drop. In the proposed strategy, the output
voltage of the SVPWM-VSI is more exactly obtained
through the variable DC link voltage and the direct
compensation for dead time and voltage drop. The
variable DC link voltage largely improves resolution of
the inverter output voltage, especially in the low speed
range of a motor. The direct compensation for dead time
and voltage drop directly calculates the duration of the
switching voltage vector without modification of the
reference voltage, and needs no additional circuits. In
addition, the variable DC link voltage has an advantage
of reducing a current ripple produced in the SVPWM-VSL.

Simulation and experimental results show that the
variable DC link voltage indicates good performance even
in the low speed range where the fixed DC link voltage
fails to control the motor, and the direct compensation for
dead time and voltage drop is satisfactorily applied and
reduces a steady state error.

Appendix

The output voltage of the SVPWM-VSI including the
dead time and voltage drop described in Section 3, may
be written as

. T,+ T
V max =(% Vae— Vealinax) + Voffn)(#@

. T + Tonv— T
(% Vae— Vee(iyax) + Voif mz) (Togap TSON orr)

(l Vie— Verlisax) + Voffn) (T\— Tpgap— Ton+t Torr)
3 Ts
(Tpean— Torr+ Tow)

Ts

— (Viglina) = Varf ro)— Lo~ Toz0= Tad)

+

+

(Veolimax) — Voffrm)

(AD)
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: R T+ T,
Viw = (% Vae— Vesiyp) + Voff: Tz)‘(Z—TSLF)

(Tpeapt Tov— Torr)

= ( Veo(p) — Voffrm)

Ts
- (% Vet Vio(iy) — Voffn) (7, — TDEAD;S Tont Tor)
=~ (Vep(isp) = Voffrm) (TDEAD_;;OFF*' Ton)
— Vool i) — Vot rp)Lo=Loz0= T

(A2)

- T,+
Vire =( =3 Vit Verlina) + Voffn)uizﬁpl

~ (3 Va~ Veslinm) ~ Voffm) (TDEAD+TT0~— Torr)
N
- (—é— Vae— V(i) — Voffﬂ) (1, — TDEAD; Ton+ Tors)
S
(Vi) + Vol yy)-Looap= Toret Lo
+ ( Vieli) + Voff 10) (To— TL%E?D_ Tow)
(A3)
where
Vel ia) + Vsl i) — Verli
Voffr, = CEL"MAX CE3 MID celipm)
Voffrm = celiuax) FD3( i) — Veelim)
VienCinax) + VeoCiap) — Vel
Voffrp = —-HAX Fl)3 MID celimm

Voffn = Voffrm » Voffro = Voffm

Tons Topr 18 the tum-on and turn-off time of the
switching device, Tppap is the dead time, Vi g(iyax),
VerGiym) » Vee(iyn) is the voltage drop of switching
device, and Vpp(iyax) » VepCiym) » Vep(iyw) is  the
voltage drop of diode.

From (A1)-(A3), the modified switching time
considering dead time and voltage drop becomes the

sohution of the following equations in which one equation
is redundant.

An-T: + Ay~ T) = y (Ad)
Ap- Ty + An-T1 = ¥ (A5)
Ap-T: + Apn-T1 = (A6)
where

An= % Vie— Veelisgax )+ Viplisax ) + Voffn— Voff ro

An= % Vae— Veelinax )+ Vin(imax ) + Voifn— Voff 1o

Ap= '%‘ Vie— Verliym ) + Vipliyn ) + Voffr— Voff ro

Ap= —% Vit Voffn — Voff 1o

Ap= —% Vot Voffm— Voff ro

A= =% Vot Voffn = Voff o

= Ts-(Viax"+ Veolinax) — Voff 10)
+ Topgap* (Vge/6)+ Ton - (Vg 6)

— Torr~ (Vae! 2= Veeliax) + Velisax) + Voffn— Voif ro)

vo= Ts* (Vi" + Veolisgp) — Voiff 7o)
= Tpgap* (Vae/3)— Ton- (Vie/3)

+ Torr* (VerCiaap) — Veplisp ) — Voffn+ Voff 7o)

3= Ts* (Vay" — Veelisan) — Voif 7o)
+ Tpgap - (Vi /6)+ Toy+ (Vgl6)

+ Topr: (Val2— Voifr+ Voff 1o)
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