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Abstract—This paper presents an adaptive dead-time compensa-
tion strategy to obtain fundamental phase voltage for inverter fed
vector controlled permanent magnet synchronous motor drives.
The amplitude of phase dead-time compensation voltage (DTCV)
to compensate disturbance voltage due to undesirable characteris-
tics of inverter, such as dead-time, turn-on/off time of switching de-
vices, and on-voltages of switching devices and diodes is adaptively
determined according to a dead-time compensation time (DTCT).
DTCT is identified on-line with using a §-axis disturbance voltage
in the current reference frame that is synchronized with current
vector. The §-axis disturbance voltage is estimated by a distur-
bance observer. The accuracy of identified DTCT is experimen-
tally confirmed by calculating the mean absolute percentage error
(MAPE) between a calculated active power and a measured one.
MAPE for adaptive DTCT is almost within 5% at any operating
point.

Index Terms—Current vector, dead-time, disturbance observer,
permanent magnet synchronous motor (PMSM), voltage source in-
verter (VSI).

I. INTRODUCTION

OLTAGE SOURCE INVERTER (VSI) fed vector con-

trolled motor drives have been widely developed. Several
applications, such as rotor position sensorless drives strategy
[1], [2] and direct torque control strategy [3] need information
on fundamental phase voltage. Since fundamental phase voltage
cannot be detected directly from inverter output terminal, com-
manded voltage is usually used instead of an actual one. How-
ever, commanded voltage never agrees with actual fundamental
phase voltage due to undesirable characteristics of VSI, such as
dead-time, turn-on/off time of switching devices, and on-volt-
ages of switching devices and diodes. Dead-time is vital to avoid
short-circuit of inverter legs. Turn-on/off time and on-voltages
inevitably exist in actual devices. To cope with this problem,
several authors have made attempt to compensate undesirable
characteristics of VSI. Generally undesirable characteristics of
VSI are compensated by introducing a dead time compensa-
tion voltage (DTCV) along with current polarity [4], [S]. The
magnitude of DTCV depends on dead-time compensation time
(DTCT) that is composed of dead-time, turn-on/off time, and
on-voltages. Since it is difficult to measure these parameters ex-
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actly and they can vary with operating conditions [6], [7], it is
desirable to identify DTCT. For this reason, a startup identi-
fication of DTCT was developed [8]. Although the developed
method provides good identification result, it cannot perform
on-line because this method requires a particular g-axis cur-
rent command. Thus, this method cannot completely compen-
sate the variation of DTCT. In [9], the magnitude of DTCV is
adapted according to the peak value of phase current. However,
this method has the disadvantage that it needs to prepare look-up
table. In [10], the magnitude of DTCYV is adjusted so as to min-
imize the harmonic components of phase current. Although this
method never relay on properties of VSI and motor model, it has
trouble with convergence.

To overcome these problems, an adaptive dead-time compen-
sation method using disturbance observer for permanent magnet
synchronous motor (PMSM) drive has been proposed [11]. In
this method, dg-axes DTCVs in the rotor reference frame are
estimated on-line using the disturbance observer which is devel-
oped based on mathematical model of PMSM. Then, estimated
dg-axes disturbance voltage are added to dg-axes commanded
voltages as DTCVs. Although this method performs well, it has
a disadvantage that d-axis current must be zero. This restricts
application of this method to only PMSM drive. In addition, an
adverse effect of estimation delay on dead-time compensation
strategy may occur with increase of driving frequency because
the fundamental frequency of dg-axes DTCVs is six times that
of the driving frequency.

This paper proposes an extended adaptive dead-time compen-
sation method for voltage source inverter fed PMSM drive. In
this paper, v6-axes DTCVs in the current reference frame that is
synchronized with current vector are introduced instead of tra-
ditional dg-axes DTCVs for adjusting the amplitude of phase
DTCYV. When §-axis is aligned with current vector orientation,
y-axis current is always zero regardless of d-axis current. In this
situation, a relationship between 6-axis disturbance voltage due
to undesirable characteristics of inverter and DTCT is derived.
Based on this relationship, DTCT is identified on-line using the
6-axis disturbance voltage estimated by using a disturbance ob-
server. Adaptive DTCT is utilized for adjusting the amplitude
of phase DTCV. The proposed method has advantages as fol-
lows: 1) It can be applied to other motor drives (e.g., induc-
tion motor drive) because the relationship between 6-axis distur-
bance voltage and DTCT remains unchanged regardless of any
d-axis current. 2) It is lightly affected to the estimation delay
of disturbance observer because only the amplitude of phase
DTCYV is adjusted, that is, the polarity of phase DTCV is per-
fectly agrees with that of phase current. 3) Only the §-axis dis-
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Fig. 1. Relationship between ideal and actual inverter output voltages for ¢, >
0: (a) Channel flow of a-phase current. (b) Inverter output voltage.

turbance observer is required. Simulation and experimental re-
sults are illustrated to confirm the validity and usefulness of the
proposed method.

II. DEAD-TIME COMPENSATION

Fig. 1(a) shows the channel flow of a-phase current for posi-
tive direction (i, > 0). The a-phase current i, flows through
switching device S} during on-period 7,,. On other way, it
flows through diode D during both off-period Tog and dead-
time Ty, i.e., inverter output voltage van for dead-time period
is equal to that for off-period. The relationship between ideal
and actual inverter output voltages for 7, > 0 is shown in
Fig. 1(b). Due to dead-time 7}, actual voltage becomes v4.
In addition, due to turn-on time t,, and turn-off time ¢,g of
switching device S, actual voltage becomes v Al\é . Further-
more, due to on—voltages vs of switching device S and vp of
diode D, actual voltage becomes vitl\/lm/ °" As a result, the
difference between ideal and actual inverter output voltages be-

ideal dt/tn/on
comes Avan(= VN — Uax ).

Fig. 2(a) shows the channel flow of a-phase current for neg-
ative direction (i, < 0). The a-phase current i, flows through
switching device S, during off-period Tog. On other way, it
flows through diode D} during both on-period T, and dead-
time T}y, i.e., inverter output voltage va N for dead-time period is
equal to that for on-period. The relationship between ideal and

actual inverter output voltages for ¢, < 0 is shown in Fig. 2(b).
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Fig.2. Relationship between ideal and actual inverter output voltages forz, <
0: (a) Channel flow of a-phase current. (b) Inverter output voltage.

From a similar analysis, the difference between ideal and actual
inverter output voltages becomes Avy (= videal — 52 tm/om)

To compensate undesirable characteristics of inverter, a
DTCV is added to the commanded voltage generated with
current controller in vector controlled PMSM drive system.
Since DTCV corresponds to an average value of Awvayn over
switching period T}, a-phase DTCV v{°™" is derived from the

above analytical result as

1. :
e = inc sgn (i) (1)
where T, T, and V. are DTCT, switching period, and dc-link
voltage, respectively. DTCT is defined as

Von
— T 2
Vi @

where Ty, ton,torr, and V,, are dead-time, turn-on time,
turn-off time, and average on-voltage, respectively. The av-
erage on-voltage V,, is defined as

TD“’US + Off vp fori, >0

Vvon = . 3
TD“ vs + °“ vp fori, <O )

T. =T +1ton — tog +

where vp,vg are on-Voltages of dlodes and switching devices
and T,,,, Tog are on-period and off-period of the upper-arm of
inverter leg, respectively. Note that both average on-voltages
for positive and negative current directions are almost same be-
cause on-period 75, for ¢, > 0 is almost identical to off-period
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TABLE 1 E
SPECIFICATIONS OF TESTED INVERTER E
5<%
Q
maximum rated voltage Veg 600V -2
[=%
maximum rated current I 30A 3 2 ) )
dead-time for IGBRT T, 5.0 ps 30[“(15/)‘11”
a
turn-on time of IGBT ton 0.6 us 6
>
turn-off time of IGBT  t,5y 2.0 us o = 42; |
on-voltage of IGBT vs 19V @ -0 I
sS 2|
on-voltage of diode vp 25V ) 2 _‘2‘ [
S
—6 -
PM flux Siirection 30[ms/div]
) ] (b)
5 = 4 w"
wr =S 2 /1 A . /i Y /1 / /‘ y
a_ 0/‘//1 \/‘/l/'/\/
RS VAR AR VA A A R
Bew —2 v R A
w = -4+
L -6 . .
Current vector 30[ms/div]
direction
Y e (©)
Fig. 3. Definition of coordinate axes. Fig. 4. Relationship between phase DTCV and ~é-axes DTCVs (300 rpm,
1 A, iqg = — 1 A): (a) a-phase current, (b) a-phase DTCYV, and (c) v6-axes
DTCVs.

Tog for i, < 0, and vice versa. Similarly, b-phase and c-phase
DTCVs are also formulated.

Table I shows the specifications of tested inverter. An insulated
gate bipolar transistor (IGBT) module is utilized for switching
devices. The dead-time for IGBT is set at 5 us. In the tested
inverter, on-voltage of diode is greater than that of IGBT (vp >
vg).Onthiscondition, as can be seen from (3), average on-voltage
Von for i, > 0 decreases with increasing rotor speed because
on-period T, increases with inverter output voltage, i.e., Vo,
depends on vg rather than vp. A similar explanation is valid for
1 < 0. Thus, average on-voltage varies with operating point.
In addition, turn-off time ¢.g also varies with operating point
due to parasitic capacitors [7]. In other words, DTCT varies with
operating point. Sinceitis difficultto measure parameterslisted in
Tablelindividually at various operating points, DTCT formulated
in (2) is identified online in this paper.

III. IDENTIFICATION OF DEAD-TIME COMPENSATION TIME
A. Definition of Coordinate Axes

Fig. 3 shows the definition of four coordinate axes. “abc” is
defined as flux direction due to each phase current. “a3” is a
stationary reference frame. “dq” is the rotor reference frame that
is synchronized with the rotor of PMSM. “y6” is the current
reference frame that is synchronized with current vector. The
position angle of yd-axes is expressed as

m=¢—§ )

where ¢ is the position angle of current vector and is expressed

as
¢ = tan"! (:—”) (5)

where i, and i3 are a3-axes currents.

B. ~v6-Axes Dead-Time Compensation Voltages

Fig. 4 shows numerical results of DTCV for inverter fed
PMSM drive. In this numerical results, the rotor speed of
PMSM is 300 rpm (driving frequency is 10 Hz). The d-axis
current 74 is set at —1 A. DTCT T, switching period 7%, and
dc-link voltage V. are set at 3.5 us, 200 us, and 200 V, respec-
tively. Fig. 4(a) shows a-phase current 4,. The RMS value of
phase current is 1 A. Since the polarity of phase DTCV depends
on that of phase current, a-phase DTCV v5°™ is determined
from (1) as shown in Fig. 4(b). Although waveforms of b-phase
and c-phase DTCVs are not shown in this figure, they are also
determined in a similar way. Phase DTCVs (v5°™, v5°™, vgo™)
are transformed into yd-axes DTCVs (v$™, v5°™) using the
transformation matrix given as

2 [ cosf, cos (HC - %ﬂ')

C= 3 | —sinf. —sin(ﬂc—éw)

cos (HC + %r)
—sin(f, + 2m)
(6)
As can be seen from Fig. 4(c), 6-axis DTCV v§°™ is dc
voltage with pulsation. The maximum value of §-axis DTCV

is given as
2T,
VM — 24/ = V. 7
max \/;TS i ( )

On the other hand, y-axis DTCV vfyom is ac voltage. Its am-
plitude corresponds to V.29 /2. The fundamental frequency of

max

~v6-axes DTCVs is six times of driving frequency.

C. Identification of Dead-Time Compensation Time

Manipulating (7) gives the analytical equation of DTCT as

\/6 1/.com
T, =Y max T, 8
4 I/dr, ( )
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TABLE 1I
THEORETICAL 78-AXES DTCVs

0. vy vgem
0<0L% | —Vigwcos(0ts) | Vi sin(0+5)
2<Bc<im | -V cosf, Veom sin 6,
Zn<f<m | =V cos(0-2) | Vo sin(0—2
n<f.<3m | VO cos(0+4%) | —Veomsin(0.4F)

dr<0.<3m | Ve cosd. —Vemsin 6,

max

Sr<f.<2r | Vmcos(0—%) | —Vimsin(0.—F)

Since dc-link voltage Vg4, and switching period 7 are known
parameters, maximum §-axis DTCV Vo is estimated for
the sake of the calculation of DTCT. It is assumed that un-
desirable characteristics of inverter yield y6-axes disturbance
voltages (vfit? v3*) in current control loop of vector controlled
PMSM drive system. A disturbance observer estimates §-axis
disturbance voltage. Since §-axis disturbance voltage vgt to be
compensated corresponds to 6-axis DTCV v§°™, the maximum
value of the estimated §-axis disturbance voltage is regarded
as Vot However, it is difficult to estimate reliable maximum
value of §-axis disturbance voltage when estimated ¢-axis dis-
turbance voltage chatters. In order to overcome this problem,
average ¢-axis DTCV Vo™ is utilized for identifying DTCT.
Table IT summarizes the theoretical y6-axes DTCVs for angle
f.. From Table II, -axis DTCV averaged over w/3 rad is
derived as
VCOH] —

ave

3 /3 3
Zycom / sin (6 + % ) dfe = “Viga. )
T Jo 3 s

From (8) and (9), the relationship between DTCT 7. and av-
erage 6-axis DTCV Vo™ is derived as

ave
_ VeV
T34 Vg F
As can be seen from Table II, V2o can be estimated using
~v-axis disturbance voltage because it is also related to ~y-axis
DTCV v5™. However, as compared with estimating 6-axis
DTCYV, a larger pole of observer is required to estimate ~y-axis
DTCYV because y-axis DTCV is ac voltage. A system stability
point of view, a large pole must be avoided. In addition, since
the average value of «y-axis DTCV is theoretically equal to zero,
it has no use for identification of DTCT. For above reasons,
0-axis disturbance voltage is utilized for identifying DTCT.

(10)

D. Estimation of §-Axis Disturbance Voltage

This paper focuses on dead-time compensation for vector
controlled PMSM drive. Disturbance observer for estimating
6-axis disturbance voltage is developed from the voltage equa-
tion of PMSM in ~y§-axes. The voltage equation is given as

Vy = Ri.,y + Lpz:ﬂ, + Uy

vs = Ris + Lpis + vsq
where v, Vs, i~,%s, It, L, and p are yé-axes voltages and cur-
rents, armature resistance, armature inductance, and differential
operator, respectively. Decoupling voltages are defined as

Vyag = —wr{Lis + K.sin(. — 6,)}
vsq = wp{Liy + K. cos(f. — 6,)}

(11)

12)
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where w,., 8,., and K, are electrical angular velocity, the position
angle of rotor, and emf constant, respectively.

The commanded voltage generated with current controller
without dead-time compensation strategy increases by distur-
bance voltages (vf}t, v§t) to reduce current error against the dis-
turbance voltage. The voltage equation for current control loop
is expressed as

v% = Riy + Lpiy + vya + vgt }

vy = Ris + Lpis + vsa + vg*
where superscript “x” denotes commanded value. As a result,
the commanded voltage disagrees with actual one, i.e., (13) dis-
agrees with (11).

By contrast, the commanded voltages with dead-time com-
pensation strategy are expressed as

0% 4+ vS°™ = Riy + Lpiy + vya + 03
Vi + V™ = Ris + Lpis + vsq + vgt |
As can be seen from (14), the commanded voltage (vj,vZ)

corresponds to actual one provided that ~yd-axes DTCVs
(veem pgem™) agree with ~yd-axes disturbance voltages

(v§t7 dt)_

In the proposed method, §-axis disturbance observer is de-
veloped because only 6-axis disturbance voltage is utilized for
identifying DTCT. Assuming that §-axis disturbance voltage
seldom changes during control period, i.e., z}gt =0, the state
and output equations of PMSM taking disturbance voltage into

account are expressed as

o d T _R 1775 11
4[] [ (5]
5)
(16)

13)

(14)

v=t [

A * com
where v = v +vg
respectively.

From (15) and (16), disturbance observer is developed as

A [

de | 0t

-G -E L7 Gi].

_[ ~Gy 0 | og] TGy
1

+[(L)}(vg—v5d)

where Gy = —(R/L+v1+72), G2 = —Lv172,71, and 7 are
poles of observer.

, « and y are state vector and output vector,

T =

7)

IV. SYSTEM CONFIGURATION

Fig. 5 shows vector controlled PMSM drive system. The pro-
posed dead-time compensator is indicated by dashed block. The
flow chart of the proposed dead-time compensation is shown in
Fig. 6:

Step 1) The $-axis voltage v§ and 6-axis current is are
obtained from corrected commanded voltages
(vl vy, v..) and phase currents (44, ip,%.) by coor-
dinate transformation.

The ¢-axis disturbance voltage vgt is estimated by
the disturbance observer indicated in (17).

Step 2)
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Dead-Time Compensator

Adr
DTCT
Calculator
V5 i
T(l > 5 L
. wn |78/ | _g.|
fa DTCV | [Aabe 9‘;
i .—{ Calculator ;
Vabe + l_l’_‘
abc | HN PWM
e Inverter
dq

Vector controlled PMSM drive system for variable speed drive with

adaptive dead-time compensation strategy.

Step1

Coordinate transformation

a-b-c to y-8

Step2 l

Estimation of 3-axis
disturbance voltage

Step3 l
Averaging §-axis
disturbance voltage

Step4 £
Calculation of DTCT

Step5 l
Calculation of phase DTCVs

Step6 l

Correcting commanded voltage

End

Fig. 6. Flow chart of the proposed dead-time compensator.

Step 3) Estimated §-axis disturbance voltage is averaged by

1)

2)

3)

4)

the procedure illustrated in Fig. 7.
Estimated §-axis disturbance voltage 93¢ is integrated
during the interval from {¢; to {p4,,. Here, sampling
points tj, and t;,, mean the first and second zero cross
points of a-phase current 7., respectively.
At sampling point tj4ny,, integrated §-axis disturbance
voltage is averaged as

com Z i}gt
Vave - ny
Viom is utilized for identification of DTCT during the
interval from ¢4y, tO tgqn,.
Vi is updated at sampling point ¢j,, and utilized

ave
during the interval from ¢34, t0 5., sequentially.

(18)

Step 4) DTCT T is calculated from (10) using the averaged

VCOm

ave

disturbance voltage

ia

dr
=95

com

V.

ave

Adt

XV
nm_n :

I com

VA

0

tk tk+n L k+n2 1 k+n3

Fig. 7. Average method for -axis disturbance voltage.

TABLE III
SPECIFICATIONS OF TESTED PMSM

rated power P, 160W
rated torque Tn 0.5 N-m
maximum rated speed N, 3,000 rpm
armature resistance R 2200
armature inductance L 0.0065 H
emf constant K. 0.0658 V-s/rad
number of pole-pairs P 2

TABLE IV

CONTROL PARAMETERS

dc-link voltage Vae 200V
carrier frequency fe 5kHz
switching period T, 200 ps
control period Teu 200 us
proportional gain for SC = K, 0.01
integral gain for SC K; 0.30
proportional gain for CC K, 10
integral gain for CC K; 1,000
poles of observer Y1,72  —2,000

Step 5)

Step 6)

Table 111

in this simu
troller (SC)

The a-phase DTCV v;°™ is calculated from (1)
using the identified DTCT 7. Similarly, b-phase
and c-phase DTCVs (vg°™,vS°™) are also calcu-
lated.

Phase DTCVs (vS°™, vgo™ ve™) are added to
commanded voltages (v, vy, v’). Then, corrected
commanded voltage (v}, v}, v..) are utilized for the

gate signal of VSIL.

V. SIMULATION RESULTS

shows the specifications of tested PMSM employed
lation. Two PI controllers are utilized for speed con-
and current controller (CC) in the vector controlled

PMSM drive system indicated in Fig. 5. Control parameters are
shown in Table IV.
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Fig. 8. Simulation results of estimation of é-axis current for various poles of
observer.

The pole of observer has been selected carefully because it
affects performance of disturbance observer. In this case, the
actual value of §-axis disturbance voltage cannot be obtained,
while the actual value of §-axis current can be obtained. For
this reason, the pole of disturbance observer has been selected
based on the accuracy of estimation for ¢-axis current. Fig. 8
shows the estimation results of 6-axis current for various poles
v =1 = 2. For v = —1, 000, estimation is poor, that is, esti-
mated current pulsates. For v = —2, 000, 6-axis current is esti-
mated without serious delay. For v = —3, 000, §-axis current is
estimated well, that is, high frequency components are also es-
timated. However, high frequency components are not required
in the proposed method because estimated 6-axis disturbance
voltage is averaged. For system stability point of view, the pole
of observer has been conservatively selected at —2, 000.

Fig. 9 shows simulation result for adjusting the amplitude of
phase DTCV. The rotor speed of PMSM is 300 rpm (driving
frequency is 10 Hz). In this simulation, d-axis current 74 and
DTCT T, are set at —1A and 3.5 us, respectively. Fig. 9(a)
shows the §-axis disturbance voltage 11(‘5“ estimated by distur-
bance observer. Although estimated 6-axis disturbance voltage
(solid line) practically agrees with ideal ¢-axis DTCV (dashed
line), the maximum value of estimated -axis disturbance
voltage is greater than that of ideal ¢-axis DTCV in some
instants. An extreme maximum value results in identification
error of DTCT. To overcome this problem, the average value of
estimated ¢-axis disturbance voltage is utilized for identifying
DTCT. As can be confirmed from Fig. 9(b), there is no promi-
nent error between average values of ¢-axis disturbance voltage
and ideal §-axis DTCV. Fig. 9(c) shows a-phase DTCV vc°™.
The amplitude of the DTCV almost agrees with that of ideal
DTCV.
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Fig. 9. Simulation results for adjusting the amplitude of phase DTCV
(300 rpm, 1 A, ¢4 = — 1 A): (a) 6-axis disturbance voltage, (b) average value

of §-axis disturbance voltage, and (c) a-phase DTCV.
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Fig. 10. Simulation results for comparison of a-phase current between
(a) without and (b) with the proposed dead-time compensation strategy
(B00rpm, 1 A, iy = —1A).

Fig. 10 shows a-phase current ¢, with/without the dead time
compensation strategy. As can be seen from Fig. 10(a), a-phase
current is distorted due to dead-time effect. Although a high
gain current controller suppresses the current distortion, it may
deteriorate the stability of the current control system. Further-
more, only a use of high gain current controller cannot clean
up discrepancy between actual and commanded voltage even if
current distortion is suppressed. On the other hand, as can be
confirmed from Fig. 10(b), the distortion of a-phase current is
suppressed by applying the proposed dead-time compensation
strategy. Note that since the proposed dead-time compensator
is a form of feedfoward controller, it provides a stable current
control system in comparison with only the feedback current
controller.
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Fig. 11. Simulation results for comparison of a-phase commanded voltage

between (a) without and (b) with the proposed dead-time compensation strategy
(300rpm, 1 A, iy = —1A).

Fig. 11 shows a-phase commanded voltage v} with/without
the proposed dead-time compensation strategy. In order to con-
firm that commanded voltage quantitatively agrees with ideal
phase voltage, it is compared with phase voltage when we use
an ideal power source (sinusoidal voltage source). Commanded
voltage without dead-time compensation strategy disagrees with
ideal phase voltage because the commanded voltage is adjusted
so as to reduce current error against disturbance voltage due
to undesirable characteristics of inverter in feedback current
control loop. As a result, the waveform of commanded voltage
vy is not sinusoidal any longer. In contrast, the commanded
voltage with the proposed dead-time compensation strategy al-
most agrees with ideal phase voltage. In other words, current
controller does not react against disturbance voltage because the
proposed dead-time compensator performs well. As a result, the
waveform of commanded voltage v} is almost sinusoidal.

VI. EXPERIMENTAL RESULTS

In order to confirm validity of the proposed method, several
experiments for the proposed dead-time compensation strategy
have been executed. Most of the parts of the system shown in
Fig. 5 are implemented in a DSP TMS320C32. The control pa-
rameters are same as the simulation.

A. Experimental Results at Medium Speed Condition

Fig. 12 shows experimental results for adjusting the am-
plitude of phase DTCV. Fig. 12(a) shows estimation result of
6-axis disturbance voltage. It is confirmed from this figure that
estimated §-axis disturbance voltage is dc voltage with pulsa-
tion. The fundamental frequency of this pulsation is six times
of driving frequency. The estimated §-axis disturbance voltage
is averaged as shown in Fig. 12(b). DTCT is calculated from
(10) using the average value of estimated ¢-axis disturbance
voltage. Then, a-phase DTCV is calculated from (1) as shown
in Fig. 12(c).

Fig. 13 shows a-phase current detected through a 12-b AD
converter. As can be confirmed from this figure, low-order
harmonics of a-phase current are suppressed by applying the
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Fig. 12. Experimental results for adjusting the amplitude of phase DTCV
(300 rpm, 1 A, 2, = —1 A): (a) 6-axis disturbance voltage, (b) average value
of 6-axis disturbance voltage, (c) a-phase DTCV.
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Fig. 13. Experimental results for comparison of a-phase current between
(a) without and (b) with the proposed dead-time compensation strategy
(300 rpm, 1 A, 24 = —1 A).

proposed dead-time compensation strategy. The a-phase com-
manded voltage v, with the proposed dead-time compensation
strategy is compared with the commanded voltage without
dead-time compensation strategy in Fig. 14. As can be seen
from this figure, disturbance voltage due to undesirable charac-
teristics of inverter is almost removed by applying the proposed
dead-time compensation strategy. However, the commanded
voltage waveform with the proposed dead-time compensation
strategy is slightly distorted every 7/3 rad because zero clamp
phenomena of phase current are not perfectly removed even
though the dead-time compensation strategy is executed.

Fig. 15 shows identification results of DTCT at various op-
erating points. As expected earlier, identified DTCT tends to
decrease with increasing rotor speed. In addition, DTCT also
tends to decrease with increasing d-axis current ¢4. This can be
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Fig. 14. Experimental results for comparison of a-phase commanded voltage
between (a) without and (b) with the proposed dead-time compensation strategy
(300 rpm, 1 A, iy = —1A).
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points.

Experimental results for identifying DTCT at various operating

explained as follows: The direction of flux due to positive d-axis
current is same as that of flux due to permanent magnet on the
rotor of PMSM. In this situation, phase voltage increases, i.e.,
on-period increases. As discussed in Section II, DTCT for tested
inverter decreases with increasing on-period 7T,,. Note that the
proposed method can be applied to any three phase motor, such
as induction motor, so experimental results for positive d-axis
current has also been executed even though PMSM usually does
not operate at this operating condition. On the other hand, DTCT
tends to increase with RMS value of phase current. This can be
explained that on-voltages vp and vg increase with RMS value
of phase current. Note that although on-voltages vs and vp are
treated as fixed values in this paper, variations of them are im-
plicitly incorporated into the identified DTCT.

In order to evaluate the proposed dead-time compensation
strategy quantitatively, active power calculated with using com-
manded voltage is compared with active power measured with
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Fig. 16. Comparison between MAPE of calculated and measured active power
at various operating points for i = — 1 A.
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Fig. 17. Comparison between MAPE of calculated and measured active power
at various operating points for 14 = 0 A.

the help of digital power meter WT230. The calculated active
power is obtained from
19)

c __ % *
Py = vgia + vjig

where v, vy, %4, and i, are dg-axes commanded voltages and
currents, respectively. Figs. 16—18 show the mean absolute per-
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Fig. 18. Comparison between MAPE of calculated and measured active power
at various operating points for i, = 1 A.

centage error (MAPE) of calculated active power for various
DTCT conditions. MAPE is defined as

N
1 Z |P5 — Py
n=1 m

m

where P, P!, and N denote calculated active power, mea-
sured active power, and numbers of data, respectively.

Fig. 16 shows MAPE for ¢4 = —1 A. To confirm validity
of the proposed method, MAPE for adaptive DTCT is com-
pared with both non-DTCT (7, = 0 ps) and fixed DTCT (T, =
3.5 us). MAPE for non-DTCT is the largest for any operating
point. Note that the value of MAPE for non-DTCT is inscribed
in this figure because it exceeds the scale of vertical axis. MAPE
for adaptive DTCT is within 5% at any operating point. The fact
that MAPE at operating point (1500 rpm, 0.6 A) in which iden-
tified DTCT deviate from 3.5 us is reduced by using adaptive
DTCT confirms the validity of identified DTCT.

Fig. 17 shows MAPE for 74, = 0 A. Since MAPE for adaptive
DTCT in this condition is also within 5%, identified DTCT is
valid. Note that MAPE for both adaptive DTCT and fixed DTCT
(T, = 3.5 us) are almost same because identified DTCT in this
condition is close to 3.5 ps at any operating point.

Fig. 18 shows the MAPE for 74 = 1 A. As can be seen from
Fig. 15, identified DTCT decreases with increasing the rotor
speed. Since MAPE at 1000 rpm and 1500 rpm is reduced by
using adaptive DTCT especially in low current level, the pro-
posed method is valid.

(20)

B. Experimental Results at Low Speed Condition

Fig. 19 shows experimental result for adjusting the amplitude
of phase DTCV. The disturbance observer performs well under
low speed operation: 50 rpm (driving frequency is 1.67 Hz). It
can be confirmed from comparison Fig. 20(a) and (b) that low-
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Fig. 19. Experimental results for adjusting the amplitude of phase DTCV
(50 rpm, 0.6 A, ¢4 = —1 A). (a) 6-axis disturbance voltage. (b) Average value
of 6-axis disturbance voltage. (c) a-phase DTCV.
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Fig. 20. Experimental results for comparison of a-phase current between
(a) without and (b) with the proposed dead-time compensation strategy (50 rpm,
06A,iq = —1A).

order harmonics of a-phase current are suppressed by applying
the proposed method.

Fig. 21 compares a-phase commanded voltage with/without
dead-time compensation. Since commanded voltage in low
speed region becomes low, the difference between both wave-
forms becomes increasingly prominent.

C. Experimental Results in Dynamical Condition

Fig. 22 shows experimental result for the proposed dead-time
compensation strategy under dynamical condition. In this case,
rotor speed accelerates from 300 rpm to 1,500 rpm. In order to
clarify the adaptive performance of the proposed method, the
1q = 1 A condition in which DTCT 7T, widely varies with op-
erating condition (see Fig. 15) is selected in this experiment.
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Fig. 22. Experimental results for the proposed dead-time compensation
strategy under dynamical condition (24 =1 A).

As expected from Fig. 15, DTCT T, quickly decreases with in-
creasing rotor speed, equivalently increasing the amplitude of
phase voltage.

VII. CONCLUSION

This paper has proposed an adaptive dead-time compensation
strategy for voltage source inverter fed motor drives. Permanent
magnet synchronous motor (PMSM) drive has specifically
been discussed in this paper. In the first phase, it was pointed
out that dead-time compensation time (DTCT) which in-
cludes dead-time, turn-on/off time of switching devices, and
on-voltage components of switching devices and diodes varies
with operating point. In the second phase, the relationship
between DTCT and 6-axis dead-time compensation voltage
(DTCV) in the current reference frame that is synchronized
with current vector has been analyzed and the analytical equa-
tion of DTCT has been derived. DTCT is identified on-line with
using estimated ¢-axis disturbance voltage in current control
loop of vector control drive system with the assumption that
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0-axis disturbance voltage to be compensated corresponds to
0-axis DTCV. The identified DTCT is utilized for adjusting
the amplitude of phase DTCV. In order to confirm validity of
the proposed dead-time compensation strategy, simulation and
experimental results have been presented. Simulation results
have demonstrated that commanded voltage with the proposed
dead-time compensation strategy agrees with ideal phase
voltage. Experimental results have indicated that active power
calculated with using commanded voltage agrees with active
power measured with digital power meter within 5% mean ab-
solute percentage error. Compared with conventional adaptive
dead-time compensation strategy, the proposed method has
the advantage that it has little effect of estimation delay and
has expandability for other motor drives, such as the induc-
tion motor drive. As in other adaptive methods, the proposed
method requires intensive computation. An implementation of
system by field programmable gate array (FPGA) can relieve
the problem.
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