
15904 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 12, DECEMBER 2023
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Abstract—An identification method is presented for the arc-
tan two-parameter model, which describes the deadtime effect
voltage error of permanent magnet synchronous motor drives’
three-phase voltage source inverter (VSI) during self-commission.
In this method, the motor maintains a standstill during the whole
identification process. First, a disturbance observer is used to im-
prove the tracking performance of the total voltage error. Then,
a technique is used to extract the deadtime effect voltage error
from the total voltage error without a voltage sensor during the
standstill condition. Finally, the core algorithm (utilizing the bi-
section method) is developed to solve the coupling problem in the
two-parameter identification process, such that the parameters
in the model converge simultaneously. Furthermore, a sufficient
condition for the convergence of the algorithm is given, and a
mathematical proof is presented. Experimental results show that
the deadtime effect voltage error estimated by our method is closer
to the measured voltage error than other state-of-the-art methods
proposed in the literature.

Index Terms—Bisection method, deadtime effect voltage error
(DEVE), permanent magnet synchronous motor (PMSM), self-
commission, standstill, two-parameter identification, voltage
source inverter (VSI).

I. INTRODUCTION

IN THE past few decades, the permanent magnet synchronous
motor (PMSM) has received extensive attention due to its

merits of a simple structure, high efficiency, and high-power den-
sity. Due to these outstanding characteristics, PMSM has been
widely applied in many industrial applications, such as robotics,
electric vehicles, and computer numerical control machines.

The operation of a PMSM requires a servo drive system,
and the performance of the controllers in a system with a high
dynamic response depends on the accuracy of the motor’s electri-
cal parameters [1]. Therefore, the self-commission of PMSMs
is indispensable for universal drive applications executed be-
fore motor startup. Normally, universal PMSM drives are not
equipped with extra hardware to sample voltages, which are
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important to the identification of the motor’s electrical param-
eters. In these servo drives, command voltages are common
substitutes. Widely, a PMSM drive system is fed by a three-phase
voltage source inverter (VSI). However, a deadtime interval
is deployed in pulsewidth modulation (PWM) switching sig-
nals to prevent dc bus shorts caused by the turn-ON/OFF delay
times of power switches. Therefore, the output voltages of
inverters are different from the command voltages, resulting in
voltage distortion, which is also called deadtime effect voltage
error (DEVE). DEVEs can seriously deteriorate the accuracy
of parameter identifications. Thus, the compensation of DEVEs
has been an emerging demand for universal drive applications
during self-commission.

Prior efforts have showed methods to compensate for DEVEs.
These methods can be divided into passive compensation or
active compensation. Passive compensation methods are usually
used to suppress current harmonics generated during motor
operation and then to reduce torque ripples [2], [3], [4], [5], [6],
[7]. However, they cannot directly obtain DEVEs and, therefore,
cannot be applied in motor parameter identifications during
self-commission.

The active compensation methods can also be referred to as
model-based methods when the look-up table is regarded as a
special model. These model-based methods can be further di-
vided into two categories. The first includes building an accurate
inverter model. The authors in [8] and [9] used complex multipa-
rameter models to describe the DEVE. However, these methods
require offline data processing and are difficult to deploy to
universal drives. The second includes a two-parameter model to
describe the DEVE, which has been widely studied because of
its ease of implementation. These models usually use the shape
parameter to describe the effect of parasitic parameters [10],
[11] when the phase current is at a low level and the plateau
voltage to describe the saturation characteristic of the DEVE
when the phase current is at a high-level. Arctan, tanh, and
other two-parameter models are commonly used to describe the
DEVE. Shan et al. [12] noted that using the arctan model can
establish a stable mathematical and physical relationship.

A parameter identification process is required prior to using
two-parameter models. Unfortunately, the capabilities to iden-
tify each individual parameters are coupled [13]. The authors
in [14], [15], and [16] neglected the parasitic parameter effect
and only use the plateau voltage to construct a square wave
to solve the coupling. However, these methods are ineffective
at compensating when the phase current is at a low level.
The authors in [12] and [17] assumed that one of the parameters
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TABLE I
SUMMARY OF DIFFERENT TWO-PARAMETER DEVE MODELS

has been obtained accurately, and the other parameter needs to
be identified. However, it is difficult to obtain an accurate known
parameter. The authors in [13], [18], [19], [20], [21], [22], [23],
and [24] identified the two parameters separately to avoid the
coupling problem. Chen et al. [13] identified parameters online,
but the process of the identification used motor parameters,
which conflicts with the purpose of self-commission. The au-
thors in [18], [19], [20], [21], [22], [23], and [24] used the most
popular theory of nonlinear equivalent resistance during self-
commission [24]. These methods first identify the plateau volt-
age and then the shape parameter. There are two limitations to
these methods. The first is that they require the injection current
to be large enough to let the DEVE reach the saturation region.
If the deadtime is relatively long, the current level required for
saturation of the DEVE may be much larger than the rated current
of the motors. The second is that these methods usually identify
the DEVE in the dq-frame, and it is difficult to project it to the
abc-frame, which is more general (conversion from the dq-frame
to the abc-frame is rank deficient [23]). That first limitation is
inherent to the theory of operation, and no effective solution
has yet been proposed (to the best of authors’ knowledge). To
alleviate that second limitation, the authors in [20] and [21]
used different trapezoid waves to describe the transition region
of the DEVE for each phase, and the shape parameter, the
trapezoidal angle, needs to be identified under the condition of
motor rotation. However, trapezoid waves have difficulty fitting
the practical DEVE curve accurately. The authors in [18] and
[19] described the DEVE using a tanh model, and the acquisition
of the shape parameter is the same as [21]. The authors in [22],
[23], and [24] used a look-up table to record the DEVE in the
transition region on the dq-frame. However, it is complicated to
convert to the abc-frame because the zero-axis voltage should
be considered [23]. These aforementioned methods and some
other special methods (which are not mentioned in detail) are
summarized in Table I.

Typically, the electromotive force (EMF) of a PMSM is a
nonideal sine wave that includes harmonics. When the motor

is not stationary, its nonideal sinusoidal EMF will introduce
corresponding errors to the parameter identification results of
the DEVE. In addition, motors are usually connected to actuators
before startup. Therefore, it is safer to keep motors in a standstill
state than a rotating state for self-commission. However, it is
easier to separate the DEVE from command voltages by the
characteristic current harmonics [6] caused by injecting the
deadtime when the motor is rotating.

Here, we use an arctan model to describe the DEVE and
propose a method to identify the two parameters of the model.
This method can accurately extract the DEVE from command
voltages and solve the coupling problem of parameter identifi-
cation. The main contributions of this article are as follows.

1) The proposed method can obtain the DEVE curve, which
contains both transition and saturation regions, in the abc-
frame when the motor is kept at standstill. This mitigates
the effect of the nonstandard sinusoidal EMF of motors.

2) The proposed method can accurately extract the specific
harmonic of the DEVE from the command voltages with-
out any voltage sensor for identifying the parameters when
the motor remains standstill, and it is insensitive to the
motor electrical parameters. In addition, it does not require
the currents to reach the level needed for the saturation of
the DEVE.

3) Combined with the bisection method, the core algorithm
of the proposed method can identify the two parameters
of the arctan model simultaneously to solve the coupling
problem. It does not require any offline data processing. A
sufficient condition for the convergence of this algorithm
and the corresponding proof are provided.

Experiment results demonstrate that the DEVE estimated by
our method can describe the practical DEVE more accurately
than state-of-the-art methods proposed in the literature.

The rest of this article is organized as follows. Section II
presents the mathematical models of the PMSM drive system
and the challenges faced when identifying the parameters. Sec-
tion III presents a technique for obtaining the total voltage
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error, a technique for separating the DEVE, and an algorithm
for identifying the plateau voltage. They are the basis for the
two-parameter identification. Section IV presents the core al-
gorithm of the proposed method for simultaneously identifying
the two parameters and proves the convergence of the algorithm.
Section V reports experiments conducted to verify the proposed
method and compares our method with competing approaches
shown in the literature. Finally, Section VI concludes this article.

II. MATHEMATICAL MODELS

We assume that the employed PMSM has negligible cross-
coupling magnetic saturation, structural asymmetry, iron losses,
magnet eddy current loss, and harmonics in the descriptive
functions of windings, rotor anisotropy, and coercive force of
magnets [26]. The voltage equations of PMSM in the dq-frame
are expressed as⎧⎪⎨⎪⎩

ud = Ld
did
dt

+Rid − p

2
ωrLqiq

uq = Lq
diq
dt

+Riq +
p

2
ωrLdid +

p

2
ωrψf

(1)

where ud, uq , id, iq , Ld, Lq , R, ψf , ωr, and p are the stator
voltage, current and inductance, stator resistance, flux linkage
generated by the rotor’s permanent magnet, the rotational speed
in mechanical angle, and the motor poles on the dq-frame,
respectively.

Considering the uncertainties of the motor parameters and
the nonideal characteristics of the inverter, the extended voltage
equations of the PMSM are⎧⎨⎩ud = Ld

did
dt

+Rid − p

2
ωrLqiq + fd

fd = fd,param + fd,inv⎧⎨⎩uq = Lq
diq
dt

+Riq +
p

2
ωrLdid +

p

2
ωrψf + fq

fq = fd,param + fd,inv

(2)

where fd and fq represent voltage errors, including parameter
errors and inverter voltage errors. fd,inv and fq,inv are inverter
voltage errors in the dq-frame. while fd,param and fq,param are
parameter voltage errors in the dq-frame and can be expressed
as⎧⎪⎨⎪⎩

fd,param = ΔLd
did
dt

+ΔRid − p

2
ωrΔLqiq

fq,param = ΔLq
diq
dt

+ΔRiq +
p

2
ωrΔLdid +

p

2
ωrΔψf

(3)
where ΔLd, ΔLq , ΔR, and Δψf are inductance uncertainty
on the d-axis, inductance uncertainty on the q-axis, resistance
uncertainty, and flux linkage uncertainty, respectively.

Inverter voltage errors are mainly characterized relative to the
deadtime interval of power switches and the on-state voltages
of semiconductor devices [17]. DEVEs and on-state voltages
cause the output voltages of inverters to become different from
the command voltages. The on-state voltages of power switches
and freewheel diodes can be found in datasheets. The DEVE

Fig. 1. Diagram of an SCDO-based PI current controller.

is affected by various factors, such as deadtime intervals, turn-
ON/OFF delay times, parasitic parameters, and the bus voltage,
so it needs to be identified.

Considering the influence of parasitic capacitance, the DEVE
in each phase is expressed as

vdt,x = (2Vdt/π) · arctan (Kix) , x = a, b, c (4)

where ix is the current in thex-phase, and the subscriptxmeans a
specific phase of PMSMs. vdt,x comes from the deadtime effect
and is modeled by two parameters, shape parameter K, and
plateau voltage Vdt.

From (2) and (4), some coupling problems will arise when
identifying the parameters of the arctan DEVE model.

1) It is difficult to separate the inverter voltage errors from
the parameter voltage errors in (2) without any voltage
sensor.

2) From (4), vdt,x is determined by both Vdt andK and grows
with them. Two parameters are coupled with each other
during the identification.

Our method simultaneously identifies the two parameters in
(4) during self-commission while the motor is kept at standstill.
In addition, it accurately extracts the third harmonic of the practi-
cal DEVE without any voltage sensor to identify the parameters.

III. PREMISES OF TWO-PARAMETER IDENTIFICATION

This section introduces the following:
1) a technique to observe the total voltage error without any

external circuit;
2) a technique to extract the DEVE from the total voltage

error;
3) an identification algorithm of the plateau voltage when the

shape parameter is determined.
These methods are the basis of the two-parameter simultane-

ous identification algorithm introduced in the following section.

A. Technique I: Observation of Total Voltage Error

The prerequisite for obtaining an accurate DEVE is to obtain
an accurate total voltage error. A stator current disturbance
observer (SCDO) [27] is used to estimate the total voltage errors
in (2) without any voltage sensor.

SCDO is a widely-used technique to eliminate the one-step
delay [28] in digital systems to improve the tracking perfor-
mance for current commands. The outputs of an SCDO are
the predicted currents and voltage errors. A sliding-mode-based
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SCDO is used to track the voltage errors. The diagram of an
SCDO-based current controller is shown in Fig. 1.

Remark 1: The SCDO used here not only serves as an ob-
server to obtain the total voltage error but also improves the
dynamic tracking performance for current commands.

According to (2), the extended voltage equations of the PMSM
is expressed as⎧⎪⎨⎪⎩

ud = Ld
did
dt

+Rid − p

2
ωrLqiq + fd

dfd
dt

= Fd⎧⎪⎨⎪⎩
uq = Lq

diq
dt

+Riq +
p

2
ωrLdid +

p

2
ωrψf + fq

dfq
dt

= Fq

(5)

whereFd andFq are the variation rates of fd and fq , respectively.
If the currents in the next control period are predicted accu-

rately, then the voltage errors in (5) can be constructed simulta-
neously. The SCDO is, thus, designed as⎧⎪⎪⎨⎪⎪⎩

ud = Ld
dîd
dt

+Rîd − p

2
ωrLqiq + f̂d + Udsmo

df̂d
dt

= gdUdsmo⎧⎪⎪⎨⎪⎪⎩
uq = Lq

dîq
dt

+Rîq +
p

2
ωrLdid +

p

2
ωrψf + f̂q + Uqsmo

df̂q
dt

= gqUqsmo

(6)

where ud and uq represent the command voltages, and f̂d, f̂q , îd,
and îq represent the estimates of fd, fq , id, and iq , respectively.
Udsmo and Uqsmo are sliding-mode control functions. gd and gq
are larger than 0. If the following conditions:

{
Udsmo = (Ldλ −R)e1 + k · Ld · sign(e1)

Uqsmo = (Lqλ −R)e2 + k · Lq · sign(e2)
(7)

are met, the exponential reaching law can satisfy [27], and f̂d
and f̂q will converge to fd and fq, respectively. e1, e2 are
current estimation errors, e1 = îd − id, e2 = îq − iq . λ and k
are the parameters of the sliding-mode control. The analysis of
the stability of the SCDO and the discrete form of the SCDO
are presented in Appendices A and B. The estimation of the total
voltage error on the d-axis, f̂d, can be obtained from (40).

Remark 2: SCDO is a passive compensation method. There
are several flaws if the voltage error observed by SCDO is
directly treated as the DEVE when identifying motor param-
eters during self-commission: 1) including parameter voltage
errors, so it cannot be used to identify motor parameters, and
2) poor voltage error tracking performance when high frequency
current commands are injected.

Fig. 2. (a) DEVE on thex-phase when the phase current is ix = 3 sin(100πt).
(b) DEVE on the x-phase when the phase current is ix = 0.5 sin(100πt).
(c) Harmonic analysis of the DEVEs at different phase currents.

B. Technique II: Extraction of DEVE on the D-Axis

The current injection method [29] is chosen to separate the
DEVE from other voltage errors. The current on the q-axis is
0 to keep the motor standstill during self-commission, while
a sinusoidal current, i∗d = I sin (ωt), is injected to the d-axis.
Choosing the appropriate ω to satisfy the condition ω � ωc and
using an SCDO-based current controller can ensure accurate
tracking of current commands id ≈ id

∗. ωc is the bandwidth of
the current controller. Assuming that the electrical angle of the
rotor is θd, the currents in the abc-frame are⎧⎪⎨⎪⎩

ia = I sin(ωt) cos(θd)

ib = I sin(ωt) cos(θd − 2π/3)

ic = I sin(ωt) cos(θd − 4π/3).

(8)

In (8), the currents in the abc-frame are all sinusoidal, with the
amplitude of each phase related to θd. The phases of the currents
are 0 or π, and they are also related to θd. According to (4),
when the phase current varies sinusoidally, ix = Ix sinωxt, the
DEVEs of each phase are shown in Fig. 2(a) and (b). Fig. 2(c)
shows that the DEVE modeled by the arctan model consists of
only odd-order harmonics. In the second half of this article, the
third harmonic of the voltage error on the d-axis is used as a
characteristic to identify the parameters of the DEVE model in
the abc-frame.

Remark 3: There are two reasons to choose the third har-
monic. First, when the injected signal is sinusoidal, according
to (2), there are voltage errors caused by parameter uncertainties
in the fundamental harmonic. Second, according to Fig. 3 , the
third harmonic has a large amplitude and a higher signal-to-noise
ratio compared to the higher odd harmonics.

Equation (4) shows that the amplitude of vdt,x is proportional
to Vdt. Thus, the amplitude of the third harmonic of vdt,x is also
proportional to Vdt. According to (4) and (8), the phase of the
third harmonic of vdt,x is related to the sign of cos(θd), cos(θd −
2π/3) or cos(θd − 4π/3). The third harmonic of the DEVE in
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Fig. 3. Amplitudes of the odd harmonics of the DEVE on the d-axis for
different θd when the injected current is i∗d = 3 sin(100πt) and vdt,x =
(20/π) arctan(10ix). (a) First harmonic. (b) Third harmonic. (c) Fifth har-
monic. (d) Seventh harmonic. (e) Ninth harmonic. (f) 11th harmonic.

the abc-frame is expressed as⎧⎨⎩
vdt,a3 = Vdt ·A3,a · sin(3ωt) · sign (cos (θd))
vdt,b3 = Vdt ·A3,b · sin(3ωt) · sign (cos (θd − 2π/3))
vdt,c3 = Vdt ·A3,c · sin(3ωt) · sign (cos (θd − 4π/3))

(9)

where A3,x is the amplitude coefficient of the DEVE in the
abc-frame. When ω, I , θd, andK are constant,A3,x is constant.
The third harmonic of the DEVE on the d-axis is

vdt,d3 =
2

3
[vdt,a3 cos (θd) + vdt,b3 cos (θd − 2π/3)

+ vdt,c3 cos (θd − 4π/3)]

=
2

3
Vdt

⎡⎢⎣A3,a · |cos(θd)|︸ ︷︷ ︸
Ca

+A3,b · |cos(θd − 2π/3)|︸ ︷︷ ︸
Cb

+A3,c · |cos(θd − 4π/3)|︸ ︷︷ ︸
Cc

⎤⎥⎦ · sin (3ωt)

=
2

3
Vdt (Ca + Cb + Cc) sin (3ωt) . (10)

When ω, I ,K, and θd are constant,Ca,Cb, andCc are constant.
The amplitudes of the first, third, fifth, seventh, ninth, and 11th
harmonics of the DEVE on the d-axis versus θd are shown in
Fig. 3 when ω, I , andK are constant. The amplitude of the third
harmonic is always nonzero.

The back EMF of a PMSM is zero under the stationary
condition [21], so the harmonics of the EMF are not introduced
into the total voltage error. Therefore, parameter voltage errors
only affect the fundamental harmonic of the total voltage er-
ror. Thus, the third harmonic of the total voltage error on the
d-axis is entirely attributed to fd,inv. The on-state voltages of
semiconductor devices are obtained from datasheets and can be

Fig. 4. Simulation results of the DEVE described in (4). (a) DEVE’s third
harmonic amplitude versus Vdt and K. (b) Same vdt,x corresponds to multiple
combinations of Vdt and K. (c) vdt,x versus K when Vdt is constant. (d) vdt,x
versus Vdt when K is constant.

compensated directly. Here, fd,inv is equivalent to the DEVE
on the d-axis. Therefore, the third harmonic of the total voltage
error on the d-axis is selected as a characteristic of the DEVE.

First, an auxiliary signal, id,3 = sin(3ωt), is constructed to
extract the amplitude of vdt,d3, and then vdt,d3 is reconstructed.
Using the orthogonality of trigonometric functions

DC (sin (mωt) · sin (nωt)) =
{

0, m �= n
1/2, m = n

(11)

where DC(·) denotes the dc component,

DC (vdt,d3 · id,3) = 1

3
Vdt (Ca + Cb + Cc) . (12)

vdt,d3 is included in the total voltage error on the d-axis, fd. Thus

DC (fd · id,3) = 1

3
Vdt (Ca + Cb + Cc) . (13)

C. Algorithm I: Identification of Vdt for Given K

Vdt and K cannot be identified directly after obtaining vdt,d3

through Technique I and Technique II. First, Vdt and K are the
parameters of DEVE in the abc-frame, and vdt,d3 is useful only
if it is converted to vdt,x. Second, there is a coupling between
Vdt and K, which indicates that the same vdt,x corresponds to
multiple combinations of Vdt and K, as shown in Fig. 4(b).

According to (10), when ω, I ,K, and θd are constant,Ca,Cb,
and Cc are constant, and vdt,d3 is proportional to Vdt. Therefore,
for any given K and injected current, i∗d = I sin(ωt), there
always exists aVdt, which is used to compensate for the DEVE by
(4) to eliminate vdt,d3. After compensation, the third harmonic
of the voltage error on the d-axis reduces to zero.

Since Ca, Cb, and Cc vary with ω, I , K, and θd, Vdt cannot
be calculated directly using (10). In this article, we use (4)
to compensate the DEVE in the abc-frame and then use a
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Fig. 5. Diagram of Algorithm I.

Fig. 6. Simulation results ofVdt identified by Algorithm I for different injected
current amplitudes I on the d-axis.

proportional-integral regulator to tuneVdt online to eliminate the
third harmonic of the voltage error on the d-axis. This method
avoids the rank deficiency problem when vdt,d3 is converted to
vdt,x. The diagram of the algorithm is shown in Fig. 5, where
Vswitch is the on-state voltage of the semiconductor devices, and
the LPF in the figure is a low-pass filter.

Notably, if K equals the rated shape parameter of the DEVE
model,K∗, keeping ω constant, the same Vdt is obtained regard-
less of I , and Vdt = V ∗

dt. Conversely, different I gives different
Vdt, and this pattern can be found in Fig. 6. K∗ and V ∗

dt are the
rated parameters of the DEVE model.

Remark 4: If K �= K∗, the Vdt obtained by Algorithm I can
only guarantee that the third harmonic of the DEVE on d-axis
converted from the vdt,x in abc-frame is equal to the DEVE on
d-axis converted from the v∗dt,x, v∗dt,x = (2V ∗

dt/π) arctan(K
∗ix),

when the injected current is, id∗ = I sin(ωt). This property is
denoted as (21) in the following section.

IV. ALGORITHM II: IDENTIFICATION OF Vdt AND K

There are two challenges in simultaneously obtaining Vdt

and K by solving (4): 1) the rank deficiency problem and
2) the nonlinearity between vdt,x and K. Regarding the first,
it is impossible to solve one equation to obtain two variables.
Regarding the second, although the system of equations obtained
by injecting different currents can solve the rank deficiency

problem, obtaining the analytical solution of the system of
equations is difficult.

This section, therefore, proposes an algorithm combining the
bisection method and Algorithm I proposed in the last section to
search K in the candidate interval. As K converges to K∗, Vdt

converges to V ∗
dt simultaneously. Additionally, this section pro-

vides a sufficient condition for the convergence of the algorithm
and its corresponding proof. Suppose the candidate interval of
K is [K1,K2], and the accuracy ofK is ξ. The flowchart of this
algorithm is shown in Fig. 7.

We, thus, derive the convergence condition of Algorithm II
and prove it. To better explain the proof, some notations are
initially defined.

Suppose the rated parameters of the DEVE on the abc-frame
are K∗ and V ∗

dt. When the electrical angle of the rotor is θd and
the injected current’s amplitude is I , Vdt(K, I) can be obtained
using Algorithm I for any K in [K1,K2].

The part containing Vdt in (4) needs to be separated from the
part containingK for further analysis. When the phase current is
sinusoidal, the part containingK is defined as the basic element,
which is expressed as

v(K, I) = arctan (K · I sin (ωt)) . (14)

Because the input current is periodic, the basic element is also
periodic. Therefore, the basic element is expanded into a Fourier
series to separate the coefficient of the third harmonic. The
coefficient is expressed as

v3(K, I) =
2π

ω

∫ π
ω

− π
ω

arctan (K · I sin (ωt)) sin (3ωt) dt.
(15)

As shown in Fig. 7, Algorithm II combines Algorithm I and the
bisection method to iteratively identify K and Vdt in the can-
didate interval. According to the convergence condition of the
bisection method, it can be inferred that Algorithm II converges
when the following three conditions are satisfied:

1) When K → K∗, 1/Vdt(K,mI)−1/Vdt(K, I) → 0.
2) [(1/Vdt(K1,mI)− 1/Vdt(K1, I))

× (1/Vdt(K2,mI)− 1/Vdt(K2, I))] < 0.
3) 1/Vdt(K,mI)− 1/Vdt(K, I) varies monotonically

with K.
Condition 1 can be inferred easily from Fig. 6. Condition 2

can be satisfied by choosing a suitable candidate interval. Only
Condition 3 needs to be proven.

First, we prove some properties of the basic element.
Theorem 1: When K > 0, I > 0, then v3(K, I) > 0, and

v3(K, I) increases monotonically with K and I .
Proof: The partial derivative of v3(K, I) with respect toK is

∂v3(K, I)

∂K
=

2π

ω

∫ π
ω

− π
ω

I sin (ωt)

1 +K2I2 · sin2 (ωt) sin (3ωt) dt

=
8π

ω

∫ π
2ω

0

I sin (ωt)

1 +K2I2 · sin2 (ωt) sin (3ωt) dt.
(16)
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Fig. 7. Flowchart of Algorithm II.

When t ∈ [0, π/2ω], I sin(ωt)/(1 +K2I2sin2(ωt)) ≥ 0.
Hence⎧⎨⎩

I sin(ωt) sin(3ωt)

(1+K2I2sin2(ωt))
≥ 0, t ∈ [0, π/3ω)

I sin(ωt) sin(3ωt)

(1+K2I2sin2(ωt))
≤ 0, t ∈ [π/3ω, π/2ω] .

(17)

Substituting (17) into (16), then

∂v3(K, I)

∂K
=

8π

ω

[∫ π
3ω

0

I sin (ωt)

1 +K2I2 · sin2 (ωt) sin (3ωt) dt

+

∫ π
2ω

π
3ω

I sin (ωt)

1 +K2I2 · sin2 (ωt) sin (3ωt) dt
]

≥ 8π

ω

[∫ π
3ω

0

I sin (ωt)

1 +K2I2 · sin2 (
π
3

) sin (3ωt) dt

+

∫ π
2ω

π
3ω

I sin (ωt)

1 +K2I2 · sin2 (
π
3

) sin (3ωt) dt

]

=
8π

ω

∫ π
2ω

0

I sin (ωt)

1 +K2I2 · sin2 (
π
3

) sin (3ωt) dt

= 0. (18)

Only when I = 0, ∂v3(K, I)/∂K = 0. Hence, v3(K, I) in-
creases monotonically with K, and v3(K, I) > v3(0, I) = 0.
According to the equivalence of K and I in v3(K, I), v3(K, I)
increases monotonically with I . �

The numerical simulation results of v3(K, I) are shown in
Fig. 8.

The derivations ofA3,a,A3,b, andA3,c in (9) were omitted in
the previous section and are now rederived. When the injected
current on the d-axis is i∗d = I sin(ωt), the rotor’s electrical angle
is θd, and the currents in the abc-frame can be obtained from

Fig. 8. Simulation results of the amplitude of v3(K, I) under different con-
ditions. (a) v3(K, I) versus I under different K. (b) v3(K, I) versus K under
different I .

(8). Combined with (15), we can obtain⎧⎪⎪⎨⎪⎪⎩
A3,a = 2

π · v3 (K, I · |cos (θd)|)
A3,b =

2
π · v3

(
K, I · ∣∣cos (θd − 2π

3

)∣∣)
A3,c =

2
π · v3

(
K, I · ∣∣cos (θd − 4π

3

)∣∣) . (19)

Ca, Cb, and Cc in (10) can be expressed as⎧⎪⎨⎪⎩
Ca = 2

π · |cos (θd)| · v3 (K, I · |cos (θd)|)
Cb =

2
π · ∣∣cos (θd − 2π

3

)∣∣ · v3 (
K, I · ∣∣cos (θd − 2π

3

)∣∣)
Cc =

2
π · ∣∣cos (θd − 4π

3

)∣∣ · v3 (
K, I · ∣∣cos (θd − 4π

3

)∣∣) .
(20)

According to the previous section, Vdt(K, I) obtained by
Algorithm I can satisfy that the third harmonic of the estimated
DEVE is equal to the third harmonic of the rated DEVE on the
d-axis, i.e.,

Vdt(K, I) [Ca(K, I) + Cb(K, I) + Cc(K, I)]

= V ∗
dt [Ca (K

∗, I) + Cb (K
∗, I) + Cc (K

∗, I)]︸ ︷︷ ︸
C∗

3d(I)

. (21)
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Next, a sufficient condition will be derived to let Condition 3
hold.

Theorem 2: For any k in the closed interval [K1,K2], where
0 < K1 < K2, it is true that

Vdt(k, I) [Ca(k, I) + Cb(k, I) + Cc(k, I)]

= V *
dtC

∗
3d(I) (22)

Vdt(k,mI) [Ca(k,mI) + Cb(k,mI) + Cc(k,mI)]

= V *
dtC

∗
3d(mI) (23)

f(k) =
1

Vdt(k,mI)
− 1

Vdt(k, I)
(24)

when I > 0, m > 1. If

I ≥ 5

K1 ·min
{|cos (θd)| , ∣∣cos (θd − 2π

3

)∣∣ , ∣∣cos (θd − 4π
3

)∣∣}
(25)

then

∂

∂k
f(k) < 0. (26)

Proof: (22) and (23) are substituted into (24), and then the
derivative of f(k) is calculated as

∂

∂k
f(k)

=
∂

∂k

{
[Ca(k,mI) + Cb(k,mI) + Cc(k,mI)]

V ∗
dtC

∗
3d(mI)

− [Ca(k, I) + Cb(k, I) + Cc(k, I)]

V *
dtC

∗
3d(I)

}

=
1

V *
dt

{[
∂
∂kCa(k,mI)

C∗
3d(mI)

−
∂
∂kCa(k, I)

C∗
3d(I)

]

+

[
∂
∂kCb(k,mI)

C∗
3d(mI)

−
∂
∂kCb(k, I)

C∗
3d(I)

]

+

[
∂
∂kCc(k,mI)

C∗
3d(mI)

−
∂
∂kCc(k, I)

C∗
3d(I)

]}
. (27)

Therefore, it is only necessary to prove that

∂
∂kCx(k,mI)

C∗
3d(mI)

−
∂
∂kCx(k, I)

C∗
3d(I)

< 0, x = a, b, c. (28)

Take the a-phase as an example, and the others can be proved in
the same way. When x = a

∂

∂k
Ca(k, I) =

2 |cos (θd)|
π

(
∂

∂K
v3(K, I)

∣∣∣∣
K=k,I=I|cos(θd)|

)
.

(29)
According to (18), ∂v3(K, I)/∂K > 0. According to Theo-
rem 3 in Appendix C, ∂v3(K, I)/∂K decreased monotoni-
cally with I when I ≥ 5/K. Thus, when I ≥ 5/(K1| cos(θd)|),
(∂/∂k)Ca(k, I) > (∂/∂k)Ca(k,mI) > 0. According to The-
orem 1, C∗

3d(mI) > C∗
3d(I) > 0. Then, (28) can be derived if

x = a.

Fig. 9. Simulation results of ∂v3(K, I)/∂K. (a) ∂v3(K, I)/∂K versus I
and K. (b) Projection of the three-dimensional curve in (a) onto the plane I −
∂v3(K, I)/∂K.

Fig. 10. Relationship between the denominator of the right-hand side in (25)
min(·) and θd. The green line indicates the area that meets the condition and
the red line indicates the area that does not meet the condition.

Similarly, when I satisfies (25), (28) can be derived in the
closed interval [K1,K2] for x = a, b, c.

Finally

∂

∂k
f(k) < 0. (30)

�
Remark 5: According to Theorem 3, for any K in the

candidate interval, the condition I ≥ 5/K can guarantee that
∂v3(K, I)/∂K decreases monotonically with I , as shown in
Fig. 9 . In fact, the proof of Theorem 3 uses a nontight bound
obtained by inequality scaling. The numerical simulation results
in Fig. 9 show that the condition I ≥ √

10/K can guarantee
that ∂v3(K, I)/∂K decreases monotonically with I . The ex-
perimental part still uses the sufficient condition, I ≥ 5/K.

Algorithm II lets (22) and (23) hold by using Algorithm I
according to (21). Therefore, as long as the amplitude of the
injected current on d-axis satisfies (25) within the candidate
interval, [K1,K2], then Condition 3 holds in the interval. Finally,
Algorithm II converges, K → K∗. According to Fig. 6, Vdt

converges to V ∗
dt when K converges to K∗. Two parameters

converge simultaneously.
Remark 6: From (25), it can be seen that some θd will make

the lower bound of I exceed the rated current of the PMSM.
Generally, the parasitic capacitance is not very large, then K∗

is not very small, and θd still has a wide range of choices. In
Fig. 10 , h is the denominator of the right-hand side in (25),
min(·). It can be seen that θd has a wide range of choices (green
line) when h ≥ 0.2 or h ≥ 0.4.
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Fig. 11. Experiment platform.

TABLE II
PARAMETERS OF TEST PMSM

TABLE III
PARAMETERS OF IPM MITSUBISHI PSS30S71F6

V. EXPERIMENTS

A. Experimental Setup

In Fig. 11, an experiment platform was built to validate the
proposed methods based on the PMSM, including parameters
as summarized in Table II. An IGBT-based intelligent power
module (IPM) is selected, and the parameters of the IPM are
listed in Table III. The dSPACE MicroLabBox II in Fig. 11 is
used to execute our methods.

B. Verification of SCDO’s Performance on Voltage Error
Tracking

By injecting a current signal into the d-axis and maintaining
the current on the q-axis at 0, the rotor is kept at standstill.
To ensure that SCDO accurately tracks the voltage error, the
frequency of the injected current signal cannot be too large,
ω = 10π rad/s. The parameters of SCDO are λ = 1131, k =
220, and gd = gq = 34214. The PI current controller and the

Fig. 12. Performance comparison of a PI current controller and an SCDO-
based PI current controller when the injected current on the d-axis is i∗d =
sin(10πt). (a) Current tracking performance of the PI current controller.
(b) Current tracking performance of the SCDO-based PI current controller.
(c) Analysis of the current harmonics of the PI current controller. (d) Analysis
of the current harmonics of the SCDO-based PI current controller. The hollow
triangle in the figure indicates the 0 level, and h3rd represents the ratio of the
third harmonic’s amplitude to the fundamental harmonic’s amplitude.

TABLE IV
TRACKING PERFORMANCE OF DIFFERENT METHODS

SCDO-based PI current controller are configured with the same
proportional and integral parameters. Their tracking perfor-
mances for i∗d = sin(ωt) are compared in Fig. 12.

Fig. 12(a) and (b) shows that the SCDO-based PI current
controller tracks the current command more accurately than the
PI current controller for the same PI parameters, especially when
currents cross zero. Based on Fig. 12(c) and (d), the SCDO-based
PI current controller exhibits almost zero odd current harmonics,
which indicates that the odd voltage errors are almost completely
observed and compensated by SCDO. This condition is the
prerequisite for Algorithms I and II to be valid.

Furthermore, we also compared them with the MFPCC-
ESO [30]. When i∗d = sin(10πt), their computational time con-
sumption and the amplitude of current harmonics are listed in
Table IV. Since MFPCC-ESO is not based on a PI control struc-
ture, we separately tuned the parameters of the three methods to
minimize harmonics for comparison.

C. Verification of Algorithm I

This section verifies that Algorithm I can eliminate the third
harmonic of the voltage error on the d-axis by tuning Vdt when
the shape parameter, K, and the amplitude of the current in-
jected on the d-axis, I , are determined. When K = 11 A−1,
i∗d = 5 sin(ωt), and ω = 10π rad/s, Fig. 13 shows the process of
using the method in Fig. 5 to tuneVdt so that the third harmonic of
the voltage error observed by SCDO approaches 0. The moving



XIANG et al.: TWO-PARAMETER IDENTIFICATION METHOD OF DEADTIME EFFECT VOLTAGE ERROR MODEL DURING SELF-COMMISSION 15913

Fig. 13. Experimental verification of Algorithm I. (a) Trend of the output of
the SCDO-based PI current controller, ud, and u∗

d. (b) Trend of the total voltage
error observed by SCDO. (c) Trend of the third harmonic of the total voltage
error. (d) Trend of Vdt.

TABLE V
CONVERGENCE VALUES OF Vdt UNDER DIFFERENT CONDITIONS

average is chosen as the LPF in Fig. 5, and Vswitch is obtained
through the datasheet of the IPM.

According to Fig. 13(a), after executing Algorithm I, the
output voltage of the SCDO-based PI current controller, ud,
continuously converges to u∗d, which approximately equals the
result calculated using the ideal voltage equations (1). According
to Fig. 13(b) and (c), both the total voltage error observed by
SCDO, f̂d, and the third harmonic of the voltage error observed
by SCDO, h3, converge to 0.

To demonstrate that Algorithm I can decouple the DEVE from
parameter voltage errors, different motor parameters are set for
the given controller, as shown in Table V. When K = 11A−1,
i∗d = 5 sin(ωt), ω = 10π rad/s, Vdt converges to almost the
same value. This finding indicates that there is almost no third
harmonic in the parameter voltage errors, so Algorithm I can
extract the clean DEVE from the total voltage error.

D. Verification of Algorithm II

This section shows the convergence process of Algorithm II,
where ξ = 0.1 A−1, K1 = 5 A−1, K2 = 15 A−1, and θd = 0.
To satisfy (25), I ≥ 5/|K1 cos(2π/3)| = 2A, I = 2A,m = 5.
The convergence of shape parameter K and plateau voltage Vdt

are shown in Fig. 14. In the candidate interval [K1,K2], K
is selected using the bisection method and then used to obtain
the Vdt under different amplitudes of the injected current by
Algorithm I. Different Vdt are brought into (24), and the sign is
judged to narrow the candidate interval. Finally, K converges

Fig. 14. Process of simultaneously identifying K and Vdt using Algorithm II.
The dashed line on the left indicates the start of Algorithm II and the dashed line
on the right indicates the end of Algorithm II.

Fig. 15. Magnified view of Fig. 14.

Fig. 16. Identification results ofK andVdt with different initial rotor positions.
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Fig. 17. Identification results with different m. θm is the rotor mechanical
position.

Fig. 18. Estimation of the DEVE on the d-axis using the method of nonlinear
equivalent resistance during self-commission.

to K∗. As K converges to K∗, Vdt converges to V ∗
dt at the same

time using Algorithm I.
The magnified view of Fig. 14 is shown in Fig. 15. Fig. 15

represents one iteration of the Algorithm II. The current ampli-
tude changes from mI to I and back to mI in this iteration.
K = 12.5 A−1. In region I, the current amplitude injected
into the d-axis is I , and Vdt(K, I) is obtained by Algorithm
I. In region II, the current amplitude rises from I to mI . In
region III, the current amplitude injected into the d-axis is
mI , and Vdt(K,mI) is obtained by Algorithm I. Substituting
Vdt(K, I) and Vdt(K,mI) into (24) yields f(K) < 0. Then,
K2 = K, and the next round of iteration begins.

In Fig. 14, Algorithm II takes approximately 60 s to converge,
and the final K satisfies the accuracy ξ under the aforemen-
tioned initial condition. Considering the property of the bisection
method, the time complexity of the proposed method is log2(n),
where n = (K2 −K1)/ξ. Therefore, the time consumption is
controllable and acceptable for self-commission.

As shown in Table VI, choosing different candidate intervals,
the results obtained by Algorithm II are almost the same. The gap
between the maximum and minimum values ofK is0.4A−1, and
Vdt is 0.03V. This result proves that Algorithm II is independent
of the initial candidate interval, as long as the interval satisfies
Condition 2.
I = 2 A, m = 5, choosing different θd, the results of K and

Vdt identified by Algorithm II are shown in Fig. 16. We exper-
imentally verify that K and Vdt have consistent convergence
values for different θd, although the sufficient condition (25)

TABLE VI
IDENTIFICATION RESULTS WITH DIFFERENT CANDIDATE INTERVALS

is not met for some cases of θd. In Fig. 16, the smallest K is
10.7 A−1, and the largest K is 11.4 A−1, while the smallest Vdt

is 12.71 V, and the largest Vdt is 12.77 V.
Due to the presence of many nonideal factors in practice, rotor

position jitter is inevitable when injecting a sinusoidal current
into the d-axis. The identification results generated by selecting
differentm are shown in Fig. 17. (“lock” indicates using the load
motor to fix the rotor position of the test motor). Therefore, we
demonstrate that the identification results are not significantly
affected by moderate jitter.

In addition, there are many methods available to reduce the
amplitude of rotor position jitter:

1) identifying a more accurate initial rotor position;
2) increasing actuator inertia;
3) choosing a relatively smaller m.

E. Comparison Experiment

Fig. 18 shows the DEVE estimation method used in [18],
[19], [20], [21], [22], [23], and [24] during self-commission.
This method considers that the DEVE is caused by a nonlinear
equivalent resistance, whose value is influenced by the amplitude
of fundamental phase currents. To keep the rotor at standstill,
i∗q = 0, and a slope current signal is injected into the d-axis.
When the DEVE reaches the saturation region, ud grows lin-
early with id, so the value of resistance on the d-axis can be
obtained. Then, the DEVE on the d-axis, uderr, can be calculated
by subtracting the product of id and the value of resistance
from ud.

Three different two-parameter DEVE models based on the
nonlinear equivalent resistance method are selected for compari-
son. These methods are commonly used prior to motor parameter
identification during self-commission. The nonlinear equivalent
resistance method is used to obtain the Vdt of the DEVE model
in the abc-frame. Park and Sul [21] used a trapezoid wave to
represent the transition region of the DEVE on each phase,
while the shape parameter, K, is identified under the condition
of motor rotation. Wang et al. [18] used a tanh model to represent
the transition region, and the identification ofK is similar to that
of [21]. In [23], the transition region of the DEVE of each phase
is obtained using coordinate transformation and recorded using
a look-up table. The estimation results of the DEVE in the abc-
frame by these methods are shown in Figs. 19 and 20. The blue
curves in Figs. 19 and 20 are terminal voltage errors measured
by an oscilloscope subtracting the on-stage voltages, Vswitch.
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Fig. 19. Results of different methods to estimate the DEVE when the deadtime is set to 4 μs.

Fig. 20. Results of different methods to estimate the DEVE when the deadtime is set to 2 μs.

Fig. 21. Comparison of the a-phase current harmonic power.

These results were obtained on the experimental platform, as
shown in Fig. 11. The method of obtaining the measured error
is shown in Appendix D.

Fig. 19 shows the comparison of the estimated DEVEs in the
abc-frame obtained by the following:

1) our method;
2) the method in [21];
3) the method in [23];
4) the method in [18].
For all comparisons, the practical DEVE is measured

by an oscilloscope. We use root mean square (RMS) error
to measure the distance between the estimated DEVE curve
and the measured DEVE curve and the results are shown
in Fig. 19. The DEVE estimated by the proposed method is
closer to the measured DEVE. Additionally, Fig. 20 shows
that the proposed method estimates the DEVE more accu-
rately than the other methods when the deadtime is set to
2 μs.

Observing the measured DEVE shows that the real DEVE
curve is not completely horizontal at the saturation region. Then,
the estimated resistance on d-axis in Fig. 18 is slightly larger
compared to the rated resistance in Table II. Therefore, the
DEVEs estimated by [18], [21], and [23] are lower than the
measured DEVEs in the saturation region. Additionally, among
the four methods, only our method and the method in [23]
estimate the DEVE completely under the condition that the
motor is stationary. Therefore, the harmonics of the EMF do

not affect the estimation results, and both are more accurate in
the transition region. In addition, Wang et al. [23] needed to
record the DEVE values of the transition region in a look-up
table. Therefore, it requires more memory overhead than other
methods.

Finally, the current harmonics after compensating for the
DEVE using the four methods mentioned before are compared.
The deadtime is set to 4 μs. The load motor rotates at 100 r/min,
while the test motor is controlled in current mode and i∗q = 3 A,
i∗d = 0A. The THD of the a-phase current (selecting the first 100
harmonics) and the current harmonic power curve (generated
by the “thd” function in MATLAB) are compared under the
following conditions:

1) compensation by the method in [18];
2) compensation by the method in [21];
3) compensation by the method in [23];
4) compensation by our method;
5) compensation by the measured DEVE.
The results are shown in Table VII and Fig. 21. We also

measure the distance between curves using RMS error and
display the results in Fig. 21. To ensure a fair comparison, the
SCDO is removed during the test, and the on-state voltages
are all compensated by Vswitch obtained in the datasheet. The
THD of the current compensated by the measured DEVE is the
minimum. Meanwhile, the THD of the current compensated by
the proposed method in this article is the closest to the THD of
the current compensated by the measured DEVE. Although the
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TABLE VII
THD OF CURRENT ON a-PHASE USING DIFFERENT METHODS

result of the current harmonic compensation of the proposed
method is similar to [23], the harmonic power curve of the
proposed method is closer to the measured error curve than [23].
This outcome illustrates that the DEVE estimated by our method
is more accurate than the other estimations.

VI. CONCLUSION

In this article, a two-parameter arctan model is used to de-
scribe the DEVE, and an identification method is proposed dur-
ing self-commission. Compared to previously proposed meth-
ods, this method simultaneously meets the following require-
ments.

1) Maintain the motor standstill at all times.
2) Overcoming the effect of the undesired harmonics of the

EMF.
3) Obtain the DEVE in the abc-frame directly.
4) Simultaneously identify the two parameters to overcome

the coupling problem.
5) Require no voltage sensor, no offline data processing, and

no additional space to record data.
Experimentally, we demonstrate that the DEVE estimated by

our method is more accurate than the results of existing state-
of-the-art methods in the literature.

Nevertheless, the lower bound given by (25) in the proof of
Theorem 2 is not sufficiently tight, resulting in a restricted range
of theoretically available θd when identifying the parameters of
the DEVE model. This limitation can be optimized in future
work.

APPENDIX A
ANALYSIS OF THE STABILITY OF SCDO

The analysis is inspired by [27]. According to (5) and (6), the
dynamic equations of the errors can be obtained as⎧⎪⎨⎪⎩

de1
dt

= − R

Ld
e1 − 1

Ld
e3 − 1

Ld
Udsmo

de3
dt

= gdUdsmo − Fd

(31)

⎧⎪⎨⎪⎩
de2
dt

= − R

Lq
e2 − 1

Lq
e4 − 1

Lq
Uqsmo

de4
dt

= gqUqsmo − Fq

(32)

where e1 = îd − id, e2 = îq − iq , e3 = f̂d − fd, and e4 =

f̂q − fq . The linear sliding-mode surface is chosen as

sd = îd − id, sq = îq − iq. (33)

Then, an exponential reaching law is designed as

dsi
dt

= −k · sign (si)− λ · si, i = d, q. (34)

According to (31), (32), (33), and (34), Udsmo and Uqsmo can be
obtained⎧⎪⎨⎪⎩

− R

Ld
e1 − 1

Ld
e3 − 1

Ld
Udsmo = −k · sign (e1)− λ · e1

− R

Lq
e2 − 1

Lq
e4 − 1

Lq
Uqsmo = −k · sign (e2)− λ · e2.

(35)
Considering e3 and e4 as the disturbances, the sliding-mode
control function (7) can be derived.

To demonstrate the convergence of e1, e2, e3, and e4, the
Lyapunov functions are designed as⎧⎪⎨⎪⎩

Vd =
1

2
sd

2

Vq =
1

2
sq

2.
(36)

Then

V̇d = − 1

Ld
e1 (Re1 + e3 + Udsmo)

= − 1

Ld

[
Ldλe1

2 + |e1| (kLd + e3 · sign (e1))
]
. (37)

If k > |e3|/Ld, V̇d < 0. Similarly, if k > |e4|/Lq , V̇q < 0.
Therefore, e1, e2, ė1, and ė2 can converge to zero. Then, (31)
and (32) can be converted to{

ė3 + gde3 + Fd = 0
ė4 + gqe4 + Fq = 0.

(38)

The positive values gd and gq are selected to ensure the conver-
gence of e3 and e4, i.e.,

f̂d → fd, f̂q → fq. (39)

APPENDIX B
DISCRETE FORM OF SCDO

The discrete form of SCDO is⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

îd (K + 1) =

(
1− RTc

Ld

)
îd(K) +

Tc
Ld
ud(K)

+Tc
Lq

Ld

p

2
ωr(K)iq(K)

− Tc
Ld
f̂d(K)− Tc

Ld
Udsmo(K)

f̂d (K + 1) = f̂d(K) + TcgdUdsmo(K)

Udsmo(K) = (Ldλ −R) e1(K) + kLd · sign (e1(K))

e1(K) = îd(K)− id(K)

,

(40)
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

îq (K + 1) =

(
1− RTc

Lq

)
îq(K) +

Tc
Lq
uq(K)

−TcLd

Lq

p

2
ωr(K)id(K)− Tcϕf

Lq

p

2
ωr(K)

− Tc
Lq
f̂q(K)− Tc

Lq
Uqsmo(K)

f̂q (K + 1) = f̂q(K) + TcgqUqsmo(K)

Uqsmo(K) = (Lqλ −R) e2(K) + kLq · sign (e2(K))

e2(K) = îq(K)− iq(K)

,

(41)

where Tc is the control period, and the initial values are chosen
as f̂d(0) = 0, f̂q(0) = 0, îd(0) = id(0), and îq(0) = iq(0).

APPENDIX C
PROOF OF THEOREM 3

Theorem 3: In the closed interval [K1,K2], ∂v3(K, I)/∂K
decreases monotonically with I when I satisfies the condition
I ≥ 5/K1.

Proof: The proof is divided into three steps.
1) Step 1: Convert the proposition.
The expression of ∂v3(K, I)/∂K is (16). Derive the partial

derivative of ∂v3(K, I)/∂K with respect to I , then

∂

∂I

∂v3(K, I)

∂K

=
8π

ω

∫ π
2ω

0

sin (ωt) sin (3ωt)
[
1−K2I2sin2 (ωt)

][
1 +K2I2sin2 (ωt)

]2 dt.

(42)

Let K2I2 = a, a > 0, and substituting t for ωt, then

m(a) =
8π

ω2

∫ π
2

0

sin(t) sin(3t)
[
1− a · sin2(t)][

1 + a · sin2(t)]2 dt. (43)

Therefore, the proposition is converted to that when a ≥ 25,
m(a) < 0.

2) Step 2: Drive the lower order upper bound of m(a).
Let ⎧⎪⎨⎪⎩g(x) =

x
(
1− ax2

)
(1 + ax2)2

, 0 ≤ x ≤ 1

h(x) = 3x− 4x3, 0 ≤ x ≤ 1.
(44)

Since

h (sin(t)) = 3 sin(t)− 4sin3(t) = sin(3t) (45)

then

m(a) =
8π

ω2

∫ π
2

0

h (sin(t)) g (sin(t)) dt. (46)

In Fig. 22, the green areas represent the monotonically increasing
intervals of g(x) or h(x), while the gray areas represent the
monotonically decreasing intervals. The characteristic points are
annotated on the coordinate axes.

The curves,p(x) and q(x) are constructed, as shown in Fig. 22.
By alternately using constants, the order of p(x)q(x) is lower

Fig. 22. Curves of g(x), p(x), h(x), and q(x) versus x.

than g(x)h(x). The expressions of p(x) and q(x) are

p(x) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

1

4
√
a
, x ≤ 1√

a

− 1

4
√
2
x+

1

4
√
2a
,

1√
a
< x ≤

√
2 + 1√
a√

3 [1− (3/4) a]

2[1 + (3/4) a]2
, x >

√
2 + 1√
a

(47)

q(x) =

⎧⎪⎨⎪⎩h
(

1√
a

)
,

1√
a
< x ≤

(√
2 + 1

)
√
a

h(x), others.

(48)

The condition

a ≥ 25 (49)

can ensure that⎧⎪⎪⎪⎨⎪⎪⎪⎩
min (h(x)) = h

(
1√
a

)
, when x ∈

[
1√
a
,

√
2 + 1√
a

]
√
2 + 1√
a

<

√
3

2
(50)

and it is easy to infer that g(x)h(x) < p(x)q(x).
Therefore, the lower order upper bound of m(a) is

m(a) <
8π

ω2

∫ π
2

0

q (sin(t)) p (sin(t)) dt

=
8π

ω2
[m1(a) +m2(a)] (51)

where

m1(a) =

√
3 [1− (3/4) a]

2[1 + (3/4) a]2
×

∫ π
2

arcsin
√
2+1√
a

sin(3t)dt︸ ︷︷ ︸
m̃1(a)

(52)
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and

m2(a) =

⎡⎢⎢⎢⎣ 1

4
√
a

∫ arcsin 1√
a

0

h (sin(t)) dt︸ ︷︷ ︸
T1(a)

+
1

4
√
2

∫ arcsin
√
2+1√
a

arcsin 1√
a

h

(
1√
a

)(
−sin(t)+

1√
a

)
dt︸ ︷︷ ︸

T2(a)

⎤⎥⎥⎥⎥⎦ .
(53)

3) Step 3: Proof m1(a) < 0, m2(a) < 0 when a ≥ 25.
When a > 25,

√
3[1− (3/4)a]/2[1 + (3/4)a]2 < 0. m̃1(a)

increases monotonically with a, and m̃1(25) > 0. Therefore, if
a ≥ 25, m̃1(a) > 0, m1(a) < 0.

Then, we need to prove m2(a) < 0.
First, simplify T1(a). In the integral interval

h (sin(t)) = 3 sin(t)− 4sin3(t) < 3 sin(t) (54)

then

T1(a) <
3

4
√
a

∫ arcsin 1√
a

0

sin(t)dt

=
3

4a

(√
a−√

a− 1
)
. (55)

The simplification uses the formula

cos (arcsin(x)) =
√

1− x2. (56)

Next, simplify T2(a)

h

(
1√
a

)
= 3

1√
a
− 4

(
1√
a

)3

=
1√
a

(
3− 4

a

)
. (57)

Then

T2(a) =
1

4
√
2a

(
3− 4

a

)∫ arcsin
√
2+1√
a

arcsin 1√
a

(
− sin(t) +

1√
a

)
dt

=
1

4a
√
2

(
3− 4

a

)[(√
a−

(
3 + 2

√
2
)
−√

a− 1

)

+

(
arcsin

(√
2 + 1√
a

)
− arcsin

(
1√
a

))]
.

(58)

Fig. 23. Numerical simulation result of J(a) when a ≥ 25.

Fig. 24. Measurement diagram.

Merge (55) and (58), then It is easy to find thatJ(+∞) = 0.J(a)
is a continuous univariate function without integral terms when
a ≥ 25. As shown in Fig. 23, it is easy to verify that J(a) < 0
and J(+∞) = 0 using the numerical approach. Then,m2(a) =
T1(a) + T2(a) ≤ 0.

Thus, m(a) < 0. ∂v3(K, I)/∂K decreases monotonically
with I when a ≥ 25, i.e., I ≥ 5/K1. �

APPENDIX D
METHOD OF OBTAINING THE MEASURED ERROR

The diagram is shown in Fig. 24. The principle of measure-
ment is to maintain a constant current in the three phases and then
measure the difference between the output voltage and the input
voltage of the VSI. To ensure that the test results are meaningful
in comparative experiments, the VSI is connected to the tested
motor in Fig. 11 for DEVE testing. In this way, all error curves
are obtained in the same environment.

Taking the a-phase in the abc-frame as an example for testing,
the two voltage probes of the oscilloscope are connected to the
positive and negative terminals of the dc source, the negative
terminal of the dc source and the a-phase output terminal of the

T1(a) + T2(a)

<
1

4a

{
3
(√
a−√

a− 1
)
+

(
3− 4

a

)
√
2

[(√
a−

(
3 + 2

√
2
)
−√

a− 1

)
+

(
arcsin

(√
2 + 1√
a

)
− arcsin

(
1√
a

))]}
.︸ ︷︷ ︸

J(a)

(59)
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VSI. Using Motor B in Fig. 24 to control the alignment the d-axis
of the test motor’s rotor with the stator’s a-phase. Set the voltage
commands in the controller, uq = 0, and vary ud to finish the
test.

When the rotor is stationary, the PWM duty cycle calculated
by the space vector pulse width modulation (SVPWM) module,
Da, Db, Dc, remains constant. (If current closed-loop control
is adopted, the PWM duty cycle and the measured voltage vm2

will jitter on the oscilloscope due to the effect of the closed-loop
control. In that case, the PWM duty cycle must also be measured
simultaneously.) Due to the presence of inductance in the motor,
it is necessary to wait for the current values to reach a steady
state before obtaining ia from the feedback current signal. Then,
obtain vm1 and vm2 from the oscilloscope. Notably, vm2 is a
square-wave like signal. Then,

DEVEmeas (ia) = Da · vm1 − vm2 − Vswitch (ia) (60)

where Vswitch can be obtained in the datasheet, and vm1 and vm2

represent the averages of vm1 and vm2 in a control period. By
repeating the abovementioned test, the measured error in Figs. 19
and 20 can be obtained.
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