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Abstract— This paper presents a simple dead-time
compensation method for a three phase PWM inverter based on
the measured pole voltage using enhanced capture (eCAP)
module usually embedded in a digital signal processor (DSP).
The information of the inverter pole voltages can be employed to
compensate the voltage difference between commanded voltage
and actual output voltage of the PWM inverter. Because the
method does not rely on any other information except for the
measured switching instants of each phase of the inverter, it can
be easily accommodated into the low cost drive system where
accurate and instantaneous measurement of the phase current is
not available. The difference can be added at the next sampling
time of the switching period of the PWM and could be updated
after one sampling period due to the digital sampling delay.
These total two sampling periods delay would degrade the
performance of the dead-time compensation. To enhance the
performance, a PI regulator is employed to nullify the difference
in controlled manner. The effectiveness of the proposed
compensation methods has been verified through the
experimental results. Through the proposed compensation
method, the 5™ and 7™ harmonic currents are reduced by 85%
and 70%, respectively.

I. INTRODUCTION

The three phase PWM voltage source inverter topology
using 6 active switches, shown in Fig. 1, is widely used in DC
to AC power conversion such as the adjustable speed drive and
the grid-tied power conversion, owing to the simple structure
and easiness in the control.

To avoid the shoot-through phenomenon during
commutation of switches of each phase of the inverter, both
active switches are turned off for a while. This turn-off time
period is so called dead-time or blanking time. During the
dead-time, the output pole voltage is determined by the
polarity of the corresponding current which is flowing through
the anti-parallel diode of each switch.

The dead-time and its effect on the pole voltage are
conceptually shown in Fig. 2. In a case of the positive phase
current as shown in Fig. 2. (a), there exist two dead-time
ranges during the switching period (T, ). When a carrier wave
is decreasing, the pole voltage is —V;./2 during the dead-time
because the current is flowing thorough the bottom anti-
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Fig. 1. 3 phase PWM inverter

parallel diode. So there is no distortion in the pole voltage.
However, when a carrier wave is increasing, the pole voltage
is still =V;./2 during the dead-time. Then, the pole voltage
distortion occurs because the pole voltage is still —V,;./2
during dead-time when desirable value is V. /2. If the phase
current is positive, the average value of the real pole voltage
during T,, would be smaller than the desired reference pole
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Fig. 2. Dead-time (T 4.q4) and its effect on pole voltage (a) i, > 0, and (b)
i,<0



voltage. Otherwise, the average value would be larger than the
reference pole voltage. Thus the dead-time results in the
voltage distortion of the pole voltages which causes low order
harmonic components in the output current of the inverter [1].
To avoid the problems mentioned above, there were many
efforts for the dead-time compensation [1-12]. Most of them
exploit the phase current information under the assumption of
accurate and instantaneous measurement of the current.

In most of low cost drive intended for pump and fan drive,
the instantaneous and accurate measurement of the current is
not available. Also, even in the case of some drives with phase
current measurement, the information would not be accurate
enough to compensate the dead-time effect because of the
offset and the delay in the measured phase current.

In this paper, by using a simple time measurement function
so called an eCAP module embedded in most of conventional
digital signal processor (DSP), the switching instants of each
pole of the inverter can be measured accurately and
instantaneously. Based on the measured switching instants, the
actual pole voltage can be calculated and compared to the
desired reference pole voltage. The differences between two
voltages are used to compensate the dead-time effect of the
inverter.

II. PROPOSED VOLTAGE MEASUREMENT METHOD

If the actual pole voltage information can be acquired, it
could be used for the compensation of the dead-time effect.
The voltage can be obtained by measuring the PWM inverter
output voltage directly [13-16]. By simply integrating each
pole voltage of the inverter during a sampling period, the
average output voltage for a sampling period can be measured
at the end of each sampling period of the PWM. It would be the
most accurate method in principle, but it needs an additional
circuitry and control logic [14].

In this paper, a simple voltage-sensing circuit is devised
based on time measurement module embedded in most of
DSPs. The conceptual circuit for the proposed voltage
measurement method is shown in Fig. 3 (a), where a voltage
divider and comparator are connected to the each phase of the
inverter and the output of the comparator is connected to
eCAP pin of a DSP, which is a time measurement module of a
DSP used in this paper. In this circuit, the threshold voltage
(Vi) of the comparator is assumed as a half of the dc-link
voltage. The actual pole voltage of each phase can be
calculated by the switching instants (T,, in Fig. 3 (b)) of the
pole voltage of the inverter, stored in eCAP module. Most of
the DSP chips used in motor drive system contain such
capture modules in them. The proposed circuit is implemented
on control board as shown in Fig. 3 (c). From (1) and (2), the
actual average pole voltage during a switching period can be
calculated. Through this calculation, the average pole voltage
can be obtained at the end of the sampling period under the
assumption that dc-link voltage is constant for the sampling
period and that there is no voltage drop on the switching
devices. The assumption would be valid in most of the
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Fig. 3. The voltage measurement (a) conceptual circuit, (b) waveforms of
V .y with a PWM carrier, and (c) voltage sensing circuit on PCB

operating condition of the inverter except for the operation
with very small dc-link capacitance and low modulation index.
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III. PROPOSED DEAD-TIME COMPENSATION METHOD (DTCM)

The basic principle of the dead-time compensation is
calculating the difference (I/;m**dif 7y between the reference
pole voltage (V,,,**) and the actual pole voltage (V,,,*?) at the
end of each sampling period, and adding the difference value
to the next pole voltage (V,,,") in the starting point of the next
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Fig. 4. Block diagram of general DTCM
sampling period. However, the compensation cannot be done
instantaneously because of the digital delay of the PWM logic.
It can be implemented as the block diagram shown in Fig. 4.
The difference is calculated by (3). The compensation
voltage value can be represented as (4) in Fig. 4.

Ven " 0] = Vi *[n] = Vien*® [1] 3)
Vxn_comp*[n +1] = V;cn**diff [n—1] “4)

This direct compensation method is called as “DTCM1” in
this paper. From (4), the compensation would be done after two
sampling periods because of one digital sampling delay and
additional one sampling period delay due to the PWM update.

The simulation of the proposed DTCMI is implemented
based on an induction motor drive system with parameters in
Table I. The motor is controlled by constant V/F operation
(154V/50Hz). The dc-link voltage, switching frequency and
dead-time are set as 320 V, 20 kHz, and 3 us, respectively.
The sampling frequency is 20 kHz, which is the same as the
switching frequency. The load torque, which is proportional to
the square of the rotational speed, is applied to the target
induction motor by a load machine.

In Fig. 5 (a), the phase current is highly distorted without
dead-time compensation method. However, when the DTCM1
is applied, the distortion of the phase current is conspicuously
reduced as shown in Fig. 5 (b). Additionally, the fundamental
component of the current is also reduced, thanks to the
increased fundamental component of the pole voltage through
the compensation.

But from the FFT results of the phase current in Fig. 6, 5™,

TABLE 1. PARAMETERS OF INDUCTION MOTOR
Item Value Unit
P rated 3.7 kW
Pole number 4

R, 0.22 QO
R, 0.3 Q

Ly, 63.62 mH

L 2.4 mH

Ly, 2.4 mH
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Fig. 5. Simulation results — Phase current (a) without dead-time
compensation method, and (b) with DTCM 1

7™ harmonic components of the current still exist even though
the DTCM1 has been used. It is because the compensation
voltage is based on the voltage which has 2 sampling time
delay as (4). So V,,,"7 defined as (5) is inevitably not zero
near zero crossing point of each phase current as shown in Fig.
7.

Ver ¥ [n] = Vi "[0] = Vir“®[n] Q)

If the dead-time compensation is done instantaneously
without any delay, Vy,,“*/" [n] should be zero all the time.

In this paper, another DTCM employing a Proportional and
Integral (PI) regulator is proposed as shown in Fig. 8, and is
called “DTCM2”. If V,,,"*// is not zero, in addition to the
direct compensation of the voltage difference the PI regulator
tries to nullify the difference. The final output of the regulator
Ve "7 which is used for direct
compensation voltage for the DTCMI is utilized as a feed-
forwarding term. And, the DTCM2 is exactly the same as the
DTCMI1 when the PI gains are set as zero.

is Vin comp - And
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Fig. 6. Simulation results — FFT of phase current in Fig. 5 (a) without
dead-time compensation method, and (b) with DTCM 1
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Fig. 7. Simulation result of DTCM1 — initial commanded voltage (Va,,”),
final commanded voltage (V4,""), measured voltage by eCAP (V4,,“P),
initial voltage difference (V 4, *“") and final voltage difference (V 4, 49"
near the phase current’s zero-crossing

978-1-4673-7151-3/15/$31.00 ©2015 IEEE

DTCM1
V., ™ n-1]

V_ W n-1] + .
( xn0) t Kp +£ *__’é)_'Vxn_camp [n + 1]
= S

V., ™ n-1]
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The z-domain transfer function (G[z]) between V,,,**/” and
Vin_deaa €an be derived as (6), where Vi, geqq 1s the distortion
voltage caused by the dead-time. It is desirable for G[z] to be
as small as possible. If the dead-time compensation method is
not applied, G[z] would be unity and is defined as Gy prey-

Ve * diff [n]
G — Yxn
[Z] Vxn_dead [n]

(6)

If the DTCM1 is applied, G[z] is represented as (7) and is
defined as Gprepg -

z%2-1

- (1)

If the DTCM2 is applied, G[z] is represented as (8) and is
defined as Gprepz-

Glz] =

_ z3-7%-z+1
T 23-22+(Kp+TswK;)z+(~Kp)

G[] @®)

The Bode plots of Gy prem » Gpremr and Gprepz » Whose
Proportional and Integral gains are 0.4 and 400 respectively,
are shown in Fig. 9. When the DTCM2 is applied with these
gains, it can be seen that the harmonic components over 2 kHz
would be slightly amplified but that the harmonic components
below 2 kHz would be conspicuously reduced with DTCM2.
In Fig. 10, the simulation results of the DTCM2 with the
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Fig. 10. Simulation results of DTCM2 (a) phase current, (b) FFT of
phase current, and (c) various voltages and current near zero current

same operating condition in Fig. 5 are shown when the PI
gains are 0.4 and 400, respectively. Compared to the results
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with DTCM1 in Fig. 6 (b), the 5™, 7™ harmonic components of
the phase current in Fig. 10 (b) are diminished as expected in
Bode plot.

IV. EXPERIMENTAL RESULTS

The experimental set-up for the verification of the proposed
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Fig. 12. Experimental result - Vo, "7, i . (a) without DTCM, (b) with
DTCMI, (c) with DTCM2
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Fig. 13. Experimental results — FFT of i, in Fig 12 (a) without DTCM,
(b) with DTCM1, (c) with DTCM2

compensation method has been built as shown in Fig. 11. The
parameters of an induction motor are the same as those in the
simulation. The dc-link voltage, switching frequency and
dead-time are 320 V, 20 kHz and 3 ps, respectively. The
sampling frequency is set to 20 kHz. And the induction motor
is controlled by V/F operation (154V/50Hz). The DSP,
TMS320F28335 from Texas Instrument, is used for the overall
control.

In Fig. 12 (a), the phase current is highly distorted with no
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compensation. But the distortion of the phase current is
remarkably reduced as shown in Fig. 12 (b) by applying the
DTCMI1. However, the difference between the phase current
of DTCM1 and that of DTCM2 in Fig. 12 (c) cannot be found
easily from the phase current waveforms because of the
impedance of the induction machine.

But the effectiveness of the proposed DTCM methods can
be seen from the FFT results of the phase currents as shown in
Fig. 13. By applying the DTCM1, the fundamental component
and 5", 7™ harmonic components of the phase currents in Fig.
13 (b) are reduced comparing those in Fig. 13 (a). Finally, by
DTCM?2, as shown in Fig. 13 (c), the distortion has been
reduced further.

V. CONCLUSION

This paper proposed a simple dead-time compensation
method based on the simple pole voltage measurement. The
pole voltages of the PWM inverter are measured by a simple
circuit using eCAP modules in a DSP. The measured voltages
are used to compensate the voltage error between commanded
voltage and actual output voltage. The compensation method
does not rely on any of the phase current information, and it
can be applied in low cost adjustable drive system and grid-
tied converter system. To improve the performance of the
compensation further, another compensation method
employing a Proportional and Integral regulator has been also
proposed. To verify the validity of the proposed compensation
methods, simulation and experiment were carried out based on
an induction motor drive system. From simulation and
experimental results, it has been verified that the methods
reduced the 5", 7™ harmonic components of the phase currents
conspicuously.
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