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Decoupled Dead-Time Compensation Method Using
Revised-Resonant Control-Based Disturbance
Observer in PMSM Drives

Jiewen Lang *, Chengde Tong

and Ping Zheng

Abstract—This article presents a decoupled dead-time
compensation method for voltage source inverters in permanent
magnet synchronous machine (PMSM) drives. In the proportional-
integral-resonant (PIR) based compensation scheme, the perfor-
mances of the current control loop and dead-time compensation
are coupled. Hence, effective compensation of the dead-time effect
is yield with the expense of distorted current step response, where
significant overshoot and oscillation are introduced. Besides, the
extended-state observer (ESO) based scheme suffers from poor
compensation capability due to limited tracking bandwidth. To
increase the tracking bandwidth, the quasi-resonant-controller
(QRC) based disturbance observer was proposed. However,
such observer suffers from the problem of system instability. To
address above issues, a revised-resonant control-based disturbance
observer is proposed in this article, which could fully decouple the
performances of the current control loop and dead-time compen-
sation. Compared with the PIR, the proposed scheme could donate
superior compensation capability without introducing overshoot
and oscillation in the current step response. Compared with the
ESO, the proposed scheme could increase tracking bandwidth
and thus donate superior compensation capability. Compared
with the QRC-based observer, the proposed scheme could
guarantee system stability. Detailed analysis of system stability
and compensation capability is presented. Finally, the proposed
scheme is experimentally validated on a 0.55 kW PMSM platform.

Index Terms—Dead-time compensation, disturbance observer,
permanent magnet synchronous machine (PMSM), resonant
control.

I. INTRODUCTION

HREE-PHASE pulsewidth modulation (PWM) voltage
T source inverters (VSIs) have been widely used in perma-
nent magnet synchronous machine (PMSM) drives. To prevent
short-through problem, a dead time interval is inserted into gate
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drive PWM signals. However, due to the dead-time effect, there
exists inevitable error between the voltage reference and actual
voltage output, leading to distortion in phase currents, and torque
ripple. As a result, the dead-time effect would deteriorate the
performance of the PMSM drive system. To address this issue,
various dead-time compensation methods have been proposed,
which can be mainly divided into three categories.

The first category is based on the average value theory [1],
where the dead time induced voltage error is directly calculated
and then compensated [2]. Such schemes virtually operate in an
open-loop style, thus show excessive dependence on the model
accuracy. Accurate models of the dead-time effect accounting
for the parasitic capacitance were presented in [3], [4], and
[5]. Besides, model-independent methods were proposed, which
are based on the look up table [6], and terminal voltage mea-
surement [7]. However, correspondingly, onerous experiments
and additional hardware cost would be introduced. Despite the
contributions, the average value theory based methods are still
dependent on precise current polarity detection especially in the
zero-crossing region. To address this issue, in [8], a high accu-
racy current polarity detection solution based on extra circuits
was proposed. However, both hardware cost and complexity are
increased.

The second category is based on suppression of the dead
time induced specific current harmonics. In [9] and [10], the
second-order generalized integrator and the adaptive linear neu-
ron were utilized to extract the dead time induced sixth current
harmonics, respectively. However, since extra controllers are
needed to calculate the feedforward compensated voltage from
the current harmonics, these methods are relatively complicated.

In addition, internal model controllers, including the reso-
nant and repetitive controllers, were used to attenuate the dead
time induced sixth current harmonics [11], [12], [13], [14],
[15]. In [11], [12], [13], and [14], the proportional-integral
(PI) current controller (i.e., the control law) was modified by
embedding a quasi-resonant-controller (QRC) in parallel, i.e.,
the proportional-integral-resonant (PIR) controller. However,
the current loop step response is distorted with significant over-
shoot and oscillation [12], [13]. Besides, since the performances
of the current control loop and dead-time compensation are
influenced and thus coupled by the QRC, a tradeoff between
the dynamic- and steady-state performances is necessary when
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Fig. 1. PMSM drive system. (a) Three-phase PWM VSI with PMSM load.
(b) Current flow direction during the dead time.

tuning control parameters. As a result, it is hard to improve the
dynamic- and steady-state performances of the current response
simultaneously. To address the issues, the partial prefilter-based
and the dual-loop schemes were proposed in [16] and [17],
respectively. However, despite contributions, the two schemes
still suffer from the problems of coupled control parameters and
system instability, respectively.

The third category is based on the concept of the disturbance
observer, where the dead time induced voltage error is viewed
as the system disturbance and thus estimated by the observer.
In [18], [19], and [20], the extended-state observer (ESO) was
employed for dead-time compensation. However, the ESO can-
not track the dead time related high-frequency disturbance due
to limited bandwidth [21], degrading the compensation per-
formance. To increase the tracking bandwidth, the QRC was
employed as the observer controller in [22]. However, it should
be noted that the control law of [22] is the proportional controller.
Hence, if the QRC-based observer presented in [22] is directly
employed in the PI current controller-based scheme, undesired
resonance phenomenon and consequent instability issue may
arise, which is theoretically revealed in Section I'V-C.

In this article, a decoupled dead-time compensation scheme
is proposed. Instead of modifying the control law, a disturbance
observer based on the revised-resonant control (RRC) is used
to estimate and thus compensate the dead time induced voltage
errors. The main contributions can be summarized as follows.

1) Compared with the PIR-based compensation scheme, the
proposed scheme could fully decouple the performances
of the current control loop and dead-time compensation.
Hence, the dead-time compensation capability is enhanced
significantly without distorting current step response.
Specifically, undesired overshoot and oscillation in the
PIR scheme are eliminated.

2) Compared with the ESO-based scheme, the proposed
scheme could always donate superior tracking bandwidth
and compensation capability in the entire speed range.

3) Compared with the QRC-based disturbance observer, the
proposed RRC-based disturbance observer could elim-
inate the undesired resonance phenomenon completely.
Thus, the system stability can be guaranteed in full fre-
quency range.

The rest of this article is organized as follows. In Section II,
the effect of dead time on VSI-based PMSM drives is analyzed.
In Section III, the major drawbacks of the existing dead-time
compensation methods are investigated. In Section IV, the
proposed decoupled scheme is introduced, and the decoupling
characteristic is verified in theory. In Section V, the stability
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Fig. 2. Switching patterns and output voltage of one phase leg.

and dead-time compensation capability are analyzed, based on
which the parameter tuning method is discussed. In Section VI,
experimental comparison results are presented to validate the
proposed scheme. Finally, Section VII concludes this article.

II. SYSTEM MODELING

A. PMSM Model

In the d—g synchronous frame, the ideal mathematical model
of the PMSM can be expressed as

e))

. digs .
{uds = Ryigs + Lg fﬁ - WeLqus

Ugs = Ryigs + Lg®te 4w (Lgias + Ay)

where ig, and i, are the d- and g-axis stator currents; u 4, and
ugs are the d- and g-axis stator voltages; Lq and L, are the d- and
g-axis inductances; R; is the stator resistance; Ay is the PM flux
linkage; and w. is the electrical angular speed.

Assuming the machine is a surface-mounted PMSM, the dg-
axes inductance is Lg, = Lq = L. For brevity, (1) can be rewrit-
ten in the form of d-g complex vector where f45 = fas + jifys as

. didgs
Udgs = Rs"/dqs + qu (;tq + Uece (2)
where u .. donates the cross-coupling term given by
Uee = —WeLgigs + jwe (Laigs + Ag) . 3)

B. Dead-Time Effect Analysis

The typical three-phase PWM VSI with PMSM load is shown
in Fig. 1(a), where insulated gate bipolar transistors (IGBTs) are
adopted as the switching devices. The ideal switching patterns
and corresponding output voltage are shown in Fig. 2.

However, due to inevitable turn-ON/OFF time delays (i.e., Ton
and T,g) of the IGBT, a dc-link short circuit would be caused.
Therefore, to prevent short-through problem, the dead time 7' is
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Fig. 3. Waveforms of the dead time induced voltage errors, where the base
value of voltage is defined as: (Tq+Ton-Tof)utdc/Ts.

inserted into gate drive PWM signals. As shown in Fig. 1(b), dur-
ing the dead time, the phase current flows through the freewheel-
ing diode, and the current path depends on the current direction.
Thus, taking T4, Ton, and Tog into account, the actual gate drive
PWM signals and corresponding output voltage are shown in
Fig. 2. It is depicted that significant dead time induced voltage
error is introduced in a-phase output voltage, which is given by

(Td + Ton — off) Udc
T

where T and uq. are the sampling (switching) period and the
dc-link voltage, respectively; sign(i,) can be expressed as

Ay, = - sign(ig) %)

. 1, i,>0
sign(iq) = {1 ZZ -0

The voltage errors (Augs and Augy,) in the d—q synchronous
frame can be given by (6). Hence, according to (4), (5), and
(6), the dead time induced voltage waveforms are shown in
Fig. 3. Applying the Fourier series expansion, Augs and Augs
can be expressed as (7). It is revealed that the dead-time effect
mainly causes sixth voltage harmonic in the d—g synchronous
frame. As a result, sixth current harmonic would be introduced,
which can be mapped to fifth and seventh harmonics in the phase
current [15]

®

Augs| _ 2| cosf.  cos(#. —2m/3)  cos(0. —4m/3)
Augs|  3|—sinf. —sin(f. —27/3) —sin (0, — 4nw/3)
Augp
x| Augy, (6)
Ay,

where Auy,, and Au,, are the voltage errors of b- and c-phases,
respectively; 6. is the electrical angle

Augs = —4(Td+:::£T°“)ud° Sy [5e3T sin (6nw.t)]
_ A(Ta+Ton—Tomr) tac 00 2
Augs = AT {*1 + 2 [36n271 - (D

cos (6nwet)]}
Considering the dead time induced voltage error Au 445, the
PMSM model can be rewritten as

didqs
dt

Udqs = Rsidqs + qu + Uee — Aualqs' (8)
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III. EXISTING DEAD-TIME COMPENSATION SCHEMES
AND ITS DRAWBACKS

The aforementioned analysis demonstrates that the dead-time
effect would inevitably cause current harmonics, deteriorating
the steady-state performance of the current loop. To address this
issue, various dead-time compensation schemes are proposed. In
this section, the performances of the conventional PI scheme, the
PIR-based scheme, the ESO-based scheme, and the QRC-based
disturbance observer are analyzed.

A. Conventional PI Scheme

In this article, as a widely used current control algorithm, the
conventional PI scheme is chosen as the baseline, of which the
block diagram is illustrated in Fig. 5 [the parallel QRC G 4,(s)
is removed]. Then, the transfer functions of the current control
loop and voltage disturbance rejection loop (from Au 4y, to
igqs) can be deduced and given by (9) and (10), respectively.
Corresponding Bode diagrams are shown in Fig. 7. It is shown
by Fig. 7(b) that the gain of the voltage disturbance rejection
loop is limited in high-frequency range. Hence, the PI controller
cannot suppress the dead time induced high-frequency voltage
harmonics effectively

Tags (5) Kps + K;
th (S) = =% = 2
Tags (s) Laggs®>+ (Kp+Rs)s+ K;
where K, and K; donate the proportional and integral coefficients
of the PI current controller, respectively,

€))

Gdl (S) = idqs (S) = s (10)

" Auggs (s)  Lags®+ (Kp + Rs)s + K

B. PIR-Based Dead-Time Compensation Scheme

To solve the problem of dead-time effect, the conventional
PI scheme is modified by embedding a parallel QRC current
controller in the control law, as illustrated in Fig. 5 (the QRC is
activated), i.e., the PIR-based dead-time compensation scheme.

The transfer function of the QRC can be expressed as

2K, wes

G = HRrtes
qrc (S) 2 + 20,5 + w(z)

1D
where K, is the resonant coefficient; wg and w are the resonant
and cutoff frequencies, respectively.

Based on the internal model theory, the resonant frequency
of the QRC should be set to be the fundamental frequency of
the voltage harmonics (i.e., wg = 6w.). Fig. 4 presents the Bode
diagram of the QRC with separate changes of K, and w.. The
QRC provides a peak gain at wg, which is proportional to K, as
shown in Fig. 4(a). In addition, it is depicted by Fig. 4(b) that
the bandwidth of the QRC increases with the raise of w., while
the peak gain is independent of w.. Hence, in the PIR scheme,
to ensure sufficient compensation of the dead-time effect, the
value of K, is generally tuned to be relatively large.

From Fig. 5, the transfer functions of the current control and
voltage disturbance rejection loops can be deduced and given
by (12) and (13), respectively. According to (12) and (13), in
the PIR scheme, the performances of both the current control
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Fig. 4. Bode diagram of the QRC with separate changes of K,- and w. (wo
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Fig. 5. Block diagram of the PIR-based compensation scheme.

and voltage disturbance rejection loops are directly influenced
by the QRC parameters, i.e., the two loops are coupled. Hence,
a compromise between the performances of the two loops is
needed when tuning control parameters. As a result, it is hard
to improve the dynamic- and steady-state performances of the
current response simultaneously

G (5) = z:dqs (s) _ (Kp + Ggre (8)) s + K;
/L:;qs (S> quSZ + (KP + Rs + quc (5)) s+ K;
(12)
KON
Gao(s) = At (5)

S
" Lggs?+ (Kp + Rs + Gyre () s + K

The Bode diagrams of the PIR scheme are presented in Fig. 7.
It is depicted by Fig. 7(b) that for the voltage disturbance
rejection loop, the PIR controller donates a sharp drop in the
magnitude at the resonant frequency, which can contribute to
suppression of the dead time induced voltage error. However,
compared with the PI scheme, the frequency characteristic of the
current loop is significantly distorted due to the parallel QRC in
the control law, as shown in Fig. 7(a). Specifically, a resonance
phenomenon is introduced, leading to overshoot and oscillation
in the current loop step response (see Fig. 11).

(13)

C. ESO-Based Dead-Time Compensation Scheme

In the ESO-based scheme, as illustrated in Fig. 6, the ESO
is utilized to estimate and compensate the voltage disturbance.
According to [18], the ESO gains h; and ho are designed as
follows:
h2 = wgso

hi = 2weso, (14)

where wes, donates the bandwidth of the ESO.
From Fig. 6, the transfer functions of the current control and
voltage disturbance rejection loops can be given by (15) and (16),

Au,, u,. PMSM |
A R
~ T L,S+R, !
— = —l 7
1 ; ESO |
L iS+ R, I
|

Fig. 6. Block diagram of the ESO-based compensation scheme.
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Fig.7. Bode diagrams of the PI scheme, the PIR-based scheme, the ESO-based

scheme, and the proposed scheme (L4,= 3mH, Ry = 0.08€2, K, = 10, K; =
267, and wg = 1257 rad/s). (a) Current loop. (b) Disturbance loop.

respectively. It is revealed by (9) and (15) that the ESO-based
scheme shares the same current loop transfer function as the PI
scheme, which is independent of the ESO gains. Hence, the ESO
could fully decouple the performances of the two loops

dgs (9) K,s+ K;
G- = = 15
i3 (3) ings (5)  Lags® + (K, + Ro) s + K, (15)
Gz (5) = dgs (5) _ s (Lags + Rs)
a3 Auggs (s)  Lags? 4+ (hi + Rs) s+ ho
° (16)

"Lags® + (K, + Ry s+ K,

In the ESO, since the raise of wes, would amplify the high-
frequency noise and thus lead to system instability, wes, cannot
be excessive high [21]. In this article, for a tradeoff between
dynamics and stability margin, wes, is selected as 1000 rad/s. As
shown by Fig. 7(b), the frequency response of the ESO scheme
virtually coincides with that of the PI scheme at high frequency
above weso. Hence, due to limited bandwidth, the ESO-based
scheme inevitably suffers from weak compensation capability.

D. QRC-Based Disturbance Observer

The block diagram of the QRC-based disturbance observer
presented in [22] can be illustrated by Fig. 8, where the RRC
should be replaced with the QRC. Hence, the transfer function
of the current control loop can be given by (26). It is revealed
that the QRC-based disturbance observer could fully decouple
the current control and voltage disturbance rejection loops.
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Fig. 8.  Block diagram of the proposed scheme.

TABLE I
PERFORMANCE COMPARISON OF EXISTING DEAD-TIME
COMPENSATION SCHEMES

. e Compensation
Schemes Coupling issue Instability issue performance
PI No No Poor
PIR Yes No Good
ESO No No Poor
QRC-observer No Yes Good

However, if the QRC-based disturbance observer is directly
employed in the PI current controller-based scheme, undesired
resonance phenomenon and consequent instability issue may
arise, as shown in Fig. 12. Corresponding theoretical analysis is
presented in Section I'V-C.

In order to summarize and highlight the major drawbacks
of the existing compensation schemes, a comparison is given
in Table L. It is shown that the PI scheme suffers from the
dead-time effect. Despite superior compensation capability, in
the PIR scheme, due to the coupling issue, undesired overshoot
and oscillation would be introduced in the current loop. While
the ESO and the QRC-based disturbance observer enjoying the
decoupling characteristic are subjected to weak compensation
capability and system instability issue, respectively.

IV. DECOUPLED DEAD-TIME COMPENSATION SCHEME WITH
RRC-BASED DISTURBANCE OBSERVER

To fully decouple the performances of the current control and
voltage disturbance rejection loops, and address the problem of
overshoot and oscillation in the current loop, in this article, a
decoupled dead-time compensation scheme is proposed.

A. RRC-Based Disturbance Observer

The block diagram of the proposed dead-time compensation
scheme is illustrated in Fig. 8. As shown, instead of modifying
the control law, a disturbance observer is utilized for estimation
and compensation of the dead time induced voltage disturbance.
Hence, the basic control law of the PI scheme is retained. A
Luenberger-style close-loop scheme is adopted in the observer,
where an RRC is employed to track the ac voltage disturbance.

For simplicity, in following analysis, the digital delay that is
simplified as a first-order filter in Fig. 8 is neglected. And the
effect of the digital delay is discussed in Section IV-D.
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* (Conivo i) e Ama, (RS
ith.\ + K| |+ * Uy + 1 sy 1 Ty
G, ()0 K+ O O . Ls+R I
N ) =]
H(s)
Fig. 9. Restructured block diagram of the proposed scheme.
‘ Comtraliaw’ e Mg T NS T
ldq» G/ (Y) hy H(s) K,+£ I+ - udtlx + \ '+ 1 ’d/
H(s)| - | sl L L,s+R, |
Fig. 10.  Equivalent unit-feedback system.
The disturbance observer can be expressed as follows:
Aﬁ'oiqs = Goc (5) (idqs - idqs) (17)
4 * ~
Ldgs = [udqs — Uee + Audqs] = (18)

qus + R,
where G,.(s) is the transfer function of the observer
controller; A4, and %445 represent the estimated voltage dis-
turbance and estimated current, respectively; and Lg, and R,

donate the estimated dg-axes inductance and stator resistance,
respectively.

B. Decoupling Characteristic

The transfer functions of the proposed scheme are derived to
theoretically reveal the decoupling characteristic. According to
Fig. 8, the voltage reference can be given by
K,

Uy, = <Kp + 5> (45gs — Tdgs) — Aliggs + Uee.  (19)

Substituting (17) and (18) into (19) yields
* " . K;
Ugys = [Gf (s) Tags — H (s) qus] K, + 5 + uee (20)
where G(s) and H(s) can be expressed as

Gy (s) =14 Goc(s) = !

— 21
quS + R,

1 1

H{(s) =1+ Goc(s) <Kp+Ki/S * jidqs—l-ifis) - 32

According to (20), the block diagram of the proposed scheme
can be reconstructed as Fig. 9. Then, the proposed scheme can
be further simplified as an equivalent unit-feedback system, as
shown in Fig. 10. From Fig. 10, the transfer functions of the
current control and voltage disturbance rejection loops can be
given as

() Gr8) G
G =Z 0 " H T Copen (9 @3)
Guaa () = —das (s)_ _ 1 24)

N Auggs () (Lags + Rs) [1 + Gopen (s)]
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Fig. 11.  Current loop step responses.

where

Gopen (8) = H (s) (Kp + KZ) 1 (25)

s ) Lags+ Rs’

Assuming all the estimated machine parameters are accurate

(the effect of parameter mismatch is analyzed in Section IV-E),

i.e., Lgq = Laq, Rs = Ry, and substituting (21), (22), (25) into
(23) and (24), then the transfer functions can be rewritten as

KpS —|— Kz
p— 2
Gia (s) Lags? + (K, + Rs) s + K, (26)
Lyss + R, S
Gaa (5) dq

27)

From (9) and (26), it is demonstrated that the current loop
transfer function of the proposed scheme is same as that of the
PI scheme, which is independent of the observer parameters.
Hence, based on such decoupling characteristic, the proposed
scheme can fully decouple the performances of the current
control and voltage disturbance rejection loops.

From (9), (12), (15), and (26), the current step responses of
the four schemes can be obtained. As shown in Fig. 11, the step
responses of the ESO-based and the proposed schemes coincide
with that of the PI scheme showing the first-order characteristic.
However, due to the aforementioned coupling issue, there exist
significant overshoot and oscillation in the PIR scheme.

C. Revised-Resonant Controller

First, the shortcoming of the conventional QRC is analyzed.
Enjoying the merit of superior performance in tracking AC
signals, the QRC can be utilized as the observer controller [22],
i.e., Goc(s) = Ggre(s). In this condition, by (11) and (27), the
Bode diagram of the disturbance loop G 44(s) is shown in Fig. 12.
As expected, there exists sharp magnitude attenuation at the
resonant frequency. However, above the resonant frequency, it
is revealed that undesired resonant phenomenon is introduced,
where the resonant peak even exceeds 0 dB. As a result, both
unmodeled system disturbances and noise would be amplified,
leading to system instability. As a result, the QRC-based dis-
turbance observer that is presented in [22] cannot be directly
employed in the PI current controller-based scheme.

To address this problem, a RRC is proposed as the observer
controller. From (10) and (27), the disturbance loop transfer
function of the proposed scheme can be rewritten as

Gd4 (8) = Gdf (S) . Gdl (S) (28)

" Lags + Re + Goo (5) Lags® + (K, + Ry) s + K;'

g f Resonance phenomenon~y/y%y |

g [ A

B A0

g f ORERIE L

< '

> 801 RRC [ @y i
PR | PR | P R A T

10' 10° 10° 10*
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Fig. 12.  Bode diagram of the disturbance loop in the proposed scheme with
different observer controller.
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Fig. 13.  Bode diagrams of the RRC G.(s) and the equivalent cascade filter

Gay(s) when w, varies from 0.05wq to 0.25w0. (a) Grre(s). (b) Gag(s).

where G 4/(s) is given by

_ Laqs + Rs
" Lags+ Rs + Goe (s)

Hence, it is shown by (28) that compared with the PI scheme,
the proposed disturbance observer functions as an equivalent
cascade filter [i.e., Ggy(s)] in the disturbance loop. In order to
suppress the dead time induced voltage disturbances without
deterioration in system stability, G 4(s) is expected to exhibit a
band-notch characteristic. Thus, in this paper, G 4/(s) is designed
as a standard two-order notch filter, as show in

Gay (s) (29)

52+w§
$2 + 2wes +wd’

From (29) and (30), the transfer function of the RRC can be
deduced as

Grre (8) = Goo (5) = (ﬁdqs + 1%3)

Gar (s) = (30)

2w,
24+ wd’

€1y

The Bode diagrams of the RRC G,.,.(s) and the equivalent
cascade filter G 44(s) with the change of w are shown in Fig. 13.
The RRC donates a large gain at the resonant frequency, as
shown in Fig. 13(a). At high-frequency range above wy, unlike
the QRC where the gain descends with a slope of —20 dB/decade
(see Fig. 4), the RRC converges to a constant gain near 0 dB.

From Fig. 13(b), as expected, the equivalent cascade filter
G 44(s) shows a band-notch characteristic. Substituting (31) into
(27), the disturbance loop transfer function with the RRC can
be given by (32), corresponding Bode diagram is shown in
Fig. 12.Itis demonstrated that undesired resonance phenomenon
is eliminated completely by using the proposed RRC, thus the
system stability can be guaranteed. Besides, at the resonant
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frequency, sharp magnitude attenuation is donated by the RRC,
which can contribute to sufficient suppression of the dead time
related voltage disturbances. Since the resonant frequency wy is
changed with speed adaptively, compared with the ESO-based
scheme, the proposed scheme could always donate superior
tracking bandwidth and compensation capability in the entire
speed range, as shown by Fig. 7(b)

52 +w§ S
§2 4+ 2wes +wi  Lags? + (Kp + Rs) s+ K
(32)

Gd4 (S) =

D. Influence of Digital Delay

The influence of the digital delay on the proposed scheme is
shown in Fig. 14. It is demonstrated that neglecting the digital
delay would only introduce slight deviation at high frequency
above 1000 rad/s. Besides, when taking the digital delay into
account, the current loop still exhibits smooth response without
resonance, while the disturbance loop could ensure sufficient
suppression of the specific high-frequency harmonic. Hence, the
digital delay is negligible within the rated speed range. It should
be noticed that the stability margin would deteriorate slightly
due to the digital delay.

E. Parameter Mismatch

As shown by Fig. 8 and (31), the proposed scheme relies
on the estimated machine parameters. Therefore, the robustness
against parameter mismatch is analyzed. It is depicted by Fig. 15
that the resistance mismatch has little effect on the proposed
scheme. In the current loop, the inductance mismatch would
only cause deviation around the resonant frequency, as shown
by Fig. 15(a). In the disturbance loop, the inductance mismatch
has little effect on frequency response, sufficient attenuation
is yield at the resonant frequency, as shown by Fig. 15(b).
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we (wo = 1257 rad/s).

Hence, it is verified that the proposed scheme exhibits sufficient
compensation capability under parameter mismatch.

V. ANALYSIS OF STABILITY AND DEAD-TIME
COMPENSATION PERFORMANCE

In this section, first, the stability of the proposed scheme is
analyzed. Then, the dead-time compensation capability of the
proposed scheme is investigated from the perspective of anti-
disturbance performance. Finally, the parameter tuning method
is discussed.

A. Stability Analysis

According to (26) and (32), the characteristic equation of the
proposed scheme is given by

A(s) = A1 (s) Az (s) (33)

where
Ay (s) = Lggs* + (K, + R)s + K; (34)
Ay (5) = 82 + 2wes + wh. (35)

If all roots of A1(s) and A(s) locate in the left-half of the s
plane, the system is stable. Hence, based on the Routh criterion,
the necessary and sufficient condition for system stability can
be expressed as

qu >0
K,+R,>0 and { 2°§c>>00 (36)
K; >0 “o

Since the values of K, and K; are always larger than zero, the
condition shown in (36) can be further simplified as

we > 0. (37)

According to (37), if the value of w.. is set to be positive, the
system is stable. Thus, it is indicated that the system stability
is governed by As(s). To evaluate the effect of the RRC on
system stability, the characteristic roots distribution law of Ay (s)
is analyzed, as shown in Fig. 16. Since all roots locate in the left-
half of the s plane, the system is stable. Besides, as w . increases,
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the poles move away from the imaginary axis. Hence, to ensure
stability margin, the value of w. cannot be excessive small.

B. Dead-Time Compensation Performance

In order to evaluate the performance of the proposed dead-
time compensation scheme, the capability of suppressing the
dead time related disturbances is analyzed.

Substituting s = jwq into (32), it can be inferred that the value
of G 44(jwo) is zero. Hence, taking the speed ripple into account,
the transfer function of the disturbance loop in the frequency
domain can be approximated as

Gas (Jwo) = Gas (J (wo + Aw))

J (wo + Aw) [ (wo + Aw))? + ]
A (j (wo + Aw)) 9
where Aw = 12.57 rad/s(5 r/min) is the frequency fluctuation.

Fig. 17 presents the influence law of w. on the value of
|G 44(jwo)|. According to [15], the dead-time effect deteriorates
at low speed. Therefore, the resonant frequency wy is set to be
1257 rad/s (the speed is 500 r/min).

When w. is less than 0.1wg, the value of |G44(jwo)| drops
sharply with the raise of w .. However, above 0.1wy, the contribu-
tion of increasing w .. to the value of |G 44 (jwg)| tends to decrease.
Besides, as w,, raises, the peak gain of the RRC increases sig-
nificantly, as shown in Fig. 13(a). High-frequency noise would
be amplified consequently, leading to system instability. Hence,
w, cannot be excessive large. Based on above analysis, w, is
recommended to be 0.1wy for a tradeoff between stability margin
and antidisturbance performance.

C. Parameter Tuning Method

Based on above analysis, the parameter tuning method of the
proposed scheme is summarized in Fig. 18. First, benefitting
from the decoupling characteristic, the parameters of the control
law can be tuned independent of the disturbance loop. Second,
the parameter of the RRC is tuned for effective suppression of
the dead time related voltage disturbances.

VI. EXPERIMENTS

In order to validate the proposed scheme, an experimental
test bench shown in Fig. 19 was built. TI TMS320F28335 DSP
was utilized as the controller at 10 kHz sampling (switching)

1 ) Control law

Applying the pole-zero cancellation method, parameters of the
PI current controller are designed as: Kp=Ldag/(37%), Ki=Rs/(3T).

2 ) RRC-based Disturbance Observer

For a compromise between stability margin and anti-disturbance
performance, @, is recommended to be 0.1w,.

Fig. 18.  Parameter tuning method of the proposed scheme.

Load motor Tested PMSM D‘SP-based inverter

Photo of test bench.

TABLE I
PARAMETERS OF PMSM

Parameter Value Parameter Value
Rated power 0.55 kW A 0.0439 Vs
Rated speed 2000 r/min La 3.044 mH
Rated current 7.07 Arms Ly 3.044 mH

Pole pairs 4 R 0.08 Q

frequency. The parameters of the tested 0.55 kW PMSM are
given in Table II. The dc-link voltage of the inverter is 300 V,
and the dead time T is set to be 3 us. The tested PMSM was
loaded with a motor operating in speed mode. According to [15],
the dead-time effect deteriorates at low speed. Hence, the speed
command is set to be 500 rpm to verify the proposed scheme.
In the following experiments, the tested PMSM operates in
current mode, and the PI scheme (see Fig. 5 without Gg;.),
the PIR-based scheme (see Fig. 5), the ESO-based scheme (see
Fig. 6) and the proposed scheme (see Fig. 8) are implemented,
respectively. The d-axis reference current is set to be zero.
According to the parameter tuning method presented in Fig. 18,
the parameters of the PI controller in four schemes are selected
as: K, = 10.15, K; = 266.67. The QRC parameters of the PIR
scheme are selected as K,- = 500, w. = 0.01wq. The bandwidth
of the ESO is selected as wes, = 1000 rad/s. And the RRC
parameter of the proposed scheme is selected as: w. = 0.1wy.

A. Q-Axis Current Step Response

In the first experiment, the step response of the current loop is
tested to validate the decoupling characteristic of the proposed
scheme. Fig. 20 presents the experimental results with g-axis
current reference changes from 3 to 8 A under four schemes.
As shown in Fig. 20(a), the PI scheme donates smooth current
step response, where both the rise time ¢, and settling time
ts are 1.5 ms, and the overshoot o is zero. However, due to
inevitable coupling issue, significant overshoot and oscillation
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Experimental results of g-axis current step responses under four schemes. (a) Proportional-integral. (b) Proportional-integral-resonant. (c) Extended-state

Aok N a0k N N
10 20, 30 40 50 60 10 20 30 40 50 60

03 Time (ms) 03 Time (ms)

< THD=2.59%)] <

S 02 0.18

E 01 0.11 E

£0.0 o0 e

< 1234567891011 < 1234567891011

Harmonic order

(a)

Harmonic order

(b)

Fig. 21.

ok = A .
10 20 30 40 50 60

0 .
03 Time (ms) 03 Time (ms)
< THD=2.62% < THD=1.32%)
0.2 0.18
3 01 0.11 =
£0.0 £0.0
< 123456 73891011 < 123456 7 891011

Harmonic order

(d

Harmonic order

©

Experimental results of steady-state current responses under four schemes at 500 r/min. From top to bottom: g-axis current, d-axis current, A-phase

current, and its FFT spectrum. (a) Proportional-integral. (b) Proportional-integral-resonant. (c) Extended-state observer. (d) Proposed scheme.

are introduced in the PIR scheme, as shown in Fig. 20(b).
Specifically, 7, is increased from 1.5 to 4 ms, while o is up
to 26%, which agrees well with the theoretical results shown in
Fig. 11. As expected, both the ESO-based and proposed schemes
virtually donate the same current step response as the PI scheme,
as shown by Fig. 20(c) and (d). Hence, it is verified that in
the proposed scheme, the current loop and voltage disturbance
rejection loops are fully decoupled.

B. Steady-State Performance

To evaluate the steady-state compensation performance,
Fig. 21 demonstrates the comparative experimental results of
four schemes under 100% rated load (10A) at 500 r/min.

As shown in Fig. 21(a), due to the dead-time effect, there
exist significant sixth harmonics in the ¢- and d-axis currents
of the PI scheme, the fluctuations of which are up to 0.27
and 0.83A, respectively. The abundant harmonics in the d-axis
current are due to the relatively large harmonics in the d-axis
voltage error [see Fig. 3 and (7)]. In addition, the phase current
is distorted especially in the zero-crossing region. As shown by
the fast Fourier transform (FFT) spectrum, the phase current
contain dominant fifth and seventh harmonics, which are 0.18
and 0.11A, respectively. The total harmonic distortion (THD)
18 2.59%.

By the PIR scheme, the fluctuation of the g-axis current is
reduced from 0.27 to 0.25A, while that of the d-axis current is
reduced from 0.83 to 0.60 A, as shown in Fig. 21(b). Moreover,
both the fifth and seventh harmonics of the phase current are
reduced toaslow as 0.01A. And THD is decreased from 2.59% to

1.50%. Hence, it is revealed that the PIR scheme can effectively
suppress the dead-time effect.

It is revealed by Fig. 21(c) that the ESO virtually has little
contribution on suppressing the current ripple, which is due to
that the disturbance frequency (1257 rad/s) is beyond the ESO
bandwidth (1000 rad/s). On the contrary, since the ESO could
amplify the high frequency noise, both the current ripple and
THD are even increased slightly compared with the PI scheme.

Compared with the PIR scheme, the proposed scheme can
further reduce the d-axis current fluctuation, specifically, from
0.60 to 0.50 A, as shown in Fig. 21(d). Besides, as depicted
in the FFT spectrum, by the proposed scheme, both the fifth
and seventh harmonics are effectively suppressed, which show
similar level as the PIR scheme. The THD is further reduced
from 1.50% to 1.32%. Therefore, it is verified that the proposed
scheme can achieve effective compensation of the dead-time
effect. Besides, compared with the PIR scheme, the proposed
scheme shows superior steady-state performance.

C. Parameter Mismatch

Since the resistant mismatch is negligible (see Fig. 15), only
the effect of inductance mismatch is experimentally validated
by detuning the estimated inductance online. Compared with
the results in Fig. 21(d) (nominal inductance), the inductance
mismatch donates similar current ripple level, while the THD is
slightly increased, as shown by Fig. 22. Despite deterioration,
the THD of the proposed scheme is still much lower than that of
the PI scheme, showing robust compensation capability against
parameter mismatch.
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VII. CONCLUSION

In this article, a decoupled dead-time compensation method
using the RRC-based disturbance observer was proposed for
VSIs in PMSM drives. The proposed scheme can fully decouple
the performances of the current control loop and dead-time
compensation. Compared with the PIR scheme, the proposed
scheme enables satisfactory dead-time compensation perfor-
mance without distorting current response. Compared with the
ESO, the proposed scheme donates superior tracking bandwidth
and compensation capability. Compared with the QRC-based
disturbance observer, the proposed RRC-based disturbance ob-
server could guarantee system stability in full frequency range.
The stability and dead-time compensation performance were
analyzed in detail.

The proposed scheme was experimentally validated on a
0.55 kW PMSM platform. Experimental results demonstrate
that compared with the PI, ESO, and PIR schemes, the proposed
scheme enables superior dead-time compensation performance.
In addition, compared with the PIR scheme, the proposed
scheme achieves same current step response as the PI scheme
without causing overshoot and oscillation.
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