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Modeling of the Nonlinear Characteristics of Voltage
Source Inverters for Motor Self-Commissioning
Seyyed Mohammad Seyyedzadeh , Sobhan Mohamadian , Mohsen Siami , and Abbas Shoulaie

Abstract—In self-commissioning, motor parameters are esti-
mated by analyzing the measured currents and voltages. At stand-
still, the obtained voltages are low because the motor back EMF
is zero. Therefore, the inverter nonlinearities are comparable with
the estimated voltages and it is necessary to compensate for the
nonlinearities. In order to model the inverters nonlinear charac-
teristics, dc current test is conventionally used. However, this test
results in a nonlinear equation that contains nonlinearities of two
phases. Hence, a numerical solution must be carried out to achieve
each inverter phase nonlinearity. Moreover, three-phase symme-
try of the inverter is necessary in conventional methods, making
them inappropriate to characterize the nonlinearities of multilevel
inverters with bypassed cells. This paper proposes a novel charac-
terization algorithm with no numerical solutions applied for mo-
tor self-commissioning of VSI-fed drives. Not only the proposed
method improves the fundamental and the THD of the calculated
phase voltage by 42% and 6% at low currents, respectively, but
also it is suitable for characterizing the nonlinearities of multilevel
inverters with bypassed cells. A prototype of a five-level cascaded
H-bridge inverter and a two-level inverter feeding a 2.2-kW three-
phase induction motor is provided to verify the superiority of the
proposed method specifically at very low currents.

Index Terms—Dead-time compensation, multilevel cascaded
H-bridge, nonlinear characteristics of voltage source inverter
(VSI), self-commissioning.

NOMENCLATURE

∗ Commanded value.
Rse Sum of the resistances of stator, ca-

ble, semiconductors, etc., in each
phase.

ias, ibs, ics Stator phase currents a, b, and c.
vas, vbs, vcs Stator phase voltages a, b, and c.
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id, iq dq components of the stator cur-
rent.

vd, vq dq components of the stator volt-
age.

Im Phase current peak value.
fPWM Carrier frequency of each cell.
Vdc Average value of dc-link voltages

of cells.
θ Park transformation angle.
Da(ias), Db(ibs), Dc(ics) Total inverter nonlinearity in each

phase at every sampling period.
D(ias), D(ibs), D(ics) Da(ias), Db(ibs), and Dc(ics) in

a symmetrical inverter.
da(ias), db(ibs), dc(ics) Total inverter nonlinearity in each

phase.
gPWM(ias) Nonlinearity of two phases of the

inverter in the dc current test.
Dsat Saturated value of D(ias).
γ Trapezoidal method angle.
σ Total leakage factor.
Rs Stator resistance.
Rr Rotor resistance.
Ls Stator inductance.
Lr Rotor inductance.
Lm Mutual inductance.
2L Two-level inverter.
CHB Cascaded H-bridge.
CPLD Complex programmable logic de-

vices.
DSP Digital signal processor.
EMF Electromotive force.
FPGA Field-programmable gate array.
IGBT Insulated gate bipolar transistor.
IM Induction motor.
KVL Kirchhoff’s voltage law.
LCBM Low-current-based method.
ML Multilevel inverter.
PWM Pulsewidth modulation.
THD Total harmonic distortion.
VSI Voltage source inverter.

I. INTRODUCTION

FOR more than three decades, multilevel converters have
been under development and have established successful

industrial applications [1]. Neutral point clamped, CHB, and
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flying capacitors are three commercial topologies of multilevel
VSIs [1] in which the CHB inverter has been industrialized
for more than two decades [2] specifically in high-power
medium-voltage induction machine drives [1]. Generally, these
drives are utilized to supply machines with different parameters
that are unknown to the drive control unit. Consequently, self-
commissioning (auto-tuning) approaches are required to deter-
mine the machine parameters at standstill prior to its operation
[3]. However, the effects of inverter nonlinearities such as dead-
time, switching dynamics, parasitic capacitances, etc., on the
measured voltages are not negligible at standstill and can dete-
riorate the drive performance [4].

Compensation for the nonlinearity of two-level VSIs has been
considered in various literatures [5]. In VSIs, if the inverter cur-
rent is positive (negative), the inverter nonlinearity decreases
(increases) the output voltage, which leads to an error between
the inverter real and reference output voltages. As explained in
[6], in order to compensate for the voltage error, a voltage in
phase with the current is added to the voltage reference signal.
Different sources of inverter nonlinearity such as turn ON/OFF

delay and voltage drop of the IGBTs [7], dead-time and semi-
conductor devices’ switching dynamics [8], [9], and the effects
of parasitic capacitances [10] have been considered to model
the voltage error. Also, the effects of modulation methods and
dead-time are studied in [11].

A compensation method for steady-state operation is sug-
gested in [12]; therefore, it can be used for slow dynamic
applications. In [13], it has been shown that a square waveform
compensating method (or signum-based model) causes clamp-
ing of the motor current during zero crossing. This problem
can be mitigated by estimating the accurate instance of the
current zero crossing [14] and by reducing the amplitude of
the compensation voltage at low currents [13], [15]. In [16],
the voltage-current characteristics of each IGBT and diode are
measured by using extra voltage sensors. On the other hand,
the effect of dead-time and parasitic capacitors is compensated
in [17] by measuring the output voltage of the inverter digitally
instead of using an analog-to-digital converter. In [8] and [9], the
IGBT rise and fall times are considered as functions of the col-
lector current, and consequently, the inverter nonlinearity model
depends on its phase currents. This dependency has led to the
emergence of the trapezoidal method. In Fig. 1, the diagram of
this compensation method is presented where the square wave-
form method can be obtained by replacing γ = π/2. As shown in
Fig. 1, in the trapezoidal method examined in [15] and [18], a line
with adjustable slope (tan(γ)) near the zero current is used. Since
the amplitude of the compensating voltage (D(ias)) is smaller
at low currents, the effectiveness of this method is more than the
square waveform method in which the compensating voltage is
the same for the whole current range. In steady state, the non-
linearity of the VSI leads to some specific harmonics, e.g., 6th-
and 12th-order harmonics [15], [18], in the measured voltages.
In the trapezoidal method, these harmonics are minimized by
changing γ. However, this method has some disadvantages. For
instance, in motor self-commissioning, the current applied to
an IM in order to obtain the stator resistance is not the same as
the current used for rotor resistance estimation. Therefore, the

Fig. 1. Trapezoidal method diagram (γ = π/2 for the square waveform
method).

transient between these two states can make some problems in
terms of harmonics identification in the trapezoidal method.

A lookup table method based on dc current test is another
approach to model the inverter nonlinearity more precisely. In
[3] and [19], the sampled data of the inverter nonlinear voltage-
current curve are extracted from the dc current test and are stored
in a lookup table. The obtained equation from the dc current test,
which includes the nonlinearity of two phases, is solved in [3],
[15], [18], and [20] based on the assumption of constant values
for each phase nonlinearity for the entire current range. How-
ever, it is obvious from Fig. 1 that the inverter nonlinearity is not
the same for the low and high currents and that the aforemen-
tioned assumption leads to the nonlinearity estimation errors for
the very low currents as clarified in [21] in which a numerical so-
lution to the equation has been proposed. It is worth noting that
the effects of dead-time, parasitic capacitors, etc., are simulta-
neously considered in the trapezoidal and lookup table methods.
Similarly, the dc current test is utilized in this paper in order to
obtain the equation that involves the cumulative effects of the
inverter nonlinearities.

Unlike two-level VSIs, few papers have investigated the non-
linearity in multilevel inverters [22]–[25]. Nonlinearity compen-
sation of a three-level T-type inverter has been examined in [23].
In [24], the devices’ ON-state voltage drops and dead-time effects
are studied for a five-level diode-clamped inverter. These effects
are studied in [25] and [22] for modular multilevel converters
based on half-bridges and H-bridges, respectively.

In this paper, a general scheme, with no need for a numerical
solution, is presented to estimate the nonlinearities of two-level
or multilevel VSIs effectively. Compared to the aforementioned
methods, experimental results confirm that the proposed scheme
leads to the improved output voltage of the VSI by correct esti-
mation and compensation of the nonlinearities at extremely low
currents and frequencies. More importantly, unlike the conven-
tional approaches, the proposed method is capable of calculating
the inverter nonlinearity during self-commissioning of the motor
while being supplied by a CHB with bypassed cells, i.e., under
faulty conditions. In the conventional methods, the nonlinearity
of each inverter phase is mostly achieved by the dc current test
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Fig. 2. Circuit of the five-level CHB inverter.

assuming the three-phase symmetry of the inverter. However,
to the best of authors’ knowledge, inverter nonlinearity under
asymmetry conditions due to faulty cells has not been yet in-
vestigated in the literature. In this paper, it is proposed to use
an equation that contains the nonlinearity of two phases instead
of each phase for self-commissioning at standstill. It is worth
mentioning that not only the proposed method can be used in a
CHB with faulty cells, but also it can lead to better performance
of the multilevel and two-level inverters at low currents in com-
parison to the conventional methods. The experimental results
show the advantages of the proposed method in both multilevel
and two-level inverters.

This paper is organized as follows. In Section II-A, the con-
ventional method is described, and in Section II-B, the theory
of obtaining the proposed method is explained and the effects of
dc-link voltage of power cells and carrier frequency on the non-
linear characteristics of the multilevel inverter are investigated.
In Section III-A and B, the experimental setup and dc current test
procedure are outlined, and in Section III-C, different prevalent
self-commissioning strategies applied to the multilevel invert-
ers with no faulty cells are experimentally compared and the
error of each method is examined. Furthermore, the reference
voltages are obtained from different methods by applying linear
and sinusoidal currents at an extremely low frequency. In ad-
dition, the results of applying a linear time-varying current are
presented in Section III-D in order to validate the advantages of
the proposed method in a multilevel inverter with bypassed cells.
Section III-E is dedicated to the experimental evaluation of the
performance of different methods in estimating the total leak-
age inductance of an IM while being supplied from a two-level
inverter. Finally, conclusion is presented in Section IV.

II. VSI NONLINEARITY MODEL

A. Conventional Methods

A five-level CHB inverter is illustrated in Fig. 2. As sug-
gested in [15] for a two-level inverter, an actual five-level CHB

Fig. 3. Modeling an actual five-level inverter as an ideal five-level inverter
with nonlinear loads.

Fig. 4. Modeling a three-phase multilevel inverter for one sampling period.

inverter can be modeled as a multilevel inverter with ideal
semiconductors and nonlinear loads, as shown in Fig. 3. By
neglecting the high frequency switching harmonics, the model
of Fig. 3 can be modified to that of Fig. 4 by consider-
ing one sampling period [22]. In Fig. 4, a nonlinear three-
phase load is fed by an ideal three-phase voltage source.
This equivalent circuit is presented in [15] for a two-level in-
verter. Therefore, the following explanations are also applica-
ble for a two-level inverter. Dx(ixs)(x = a, b, c) in Fig. 4 is
the model of nonlinearities due to dead-time, semiconductors’
voltage drop, propagation delays, parasitic capacitors, etc., in
each phase. In the conventional methods, symmetrical VSIs
are investigated. Therefore, D(ixs)(x = a, b, c) will be used
as each phase nonlinearity model in the remainder of this
subsection.

First, inverse Park transformation is used as in (1) to convert
the dq components into the three-phase quantities [14]

⎡
⎢⎣
fas

fbs
fcs

⎤
⎥⎦=

⎡
⎢⎢⎣

cos(θ) −sin(θ)

−1
2 cos(θ)+

√
3
2 sin (θ) 1

2 sin (θ)+
√
3
2 cos(θ)

−1
2 cos(θ)−

√
3
2 sin(θ) 1

2 sin(θ)−
√
3
2 cos(θ)

⎤
⎥⎥⎦
[
fd

fq

]

(1)
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Fig. 5. Equivalent circuit of the multilevel inverter at standstill and for iq = 0
and θ = 0.

where the variable f can be either current i or voltage v. From
(1), (2) and (3) are obtained as follows:

vd =

⎧
⎪⎨
⎪⎩

vas, θ = 0

vbs, θ = 2π/3

vcs, θ = −2π/3

(2)

id =

⎧
⎪⎨
⎪⎩

ias, θ = 0

ibs, θ = 2π/3

ics, θ = −2π/3.

(3)

In the following of this paper, it is assumed that θ = 0 and iq
is set to zero to prevent torque generation. The same procedure
can be used for θ = 2π/3 and θ = –2π/3.

By the current control (iq = 0), relation (4) can be achieved
from (1) by substituting θ = 0

ibs = ics = −ias/2. (4)

From (4) and considering the three-phase symmetry of the
load, the equalities of vbs = vcs = −vd/2 and vas = vd are ob-
tained. Therefore, the motor line-to-line voltage, i.e., vas − vbs,
is equal to 3vd/2, as shown in Fig. 5. It should be noted that vq
in (1) is equal to zero for θ = 0 becausevbs = vcs.

Hence, the following relation is obtained by applying KVL in
the circuit of Fig. 5 [15]:

− 3

2
vd +D (ias) +Rseias −Rseibs −D (ibs) = 0. (5)

Since D(ixs) in (5) is an odd function, i.e., D(ibs) =
−D(−ibs) = −D(ias/2) (see Fig. 1), and v∗d = vd for an ideal
inverter, gPWM(ias) is defined as

gPWM (ias) = D (ias) +D (ias/2) =
3

2
(v∗d −Rseias) (6)

where −D(ias/2) represents the nonlinearities in phase “b” or
“c.” Therefore, (6) includes the nonlinearities of two phases, i.e.,
phase “a” and phase “b” or “c.”

Two methods have been proposed in the literature to calculate
D(ias) from (6). In the following, these methods are explained:

1) Considering the inverter nonlinear characteristics at high
currents (see Fig. 1), the approximation of D(ias) ≈

D(ias/2) ≈ Dsat is used in [3], [15], [18], and [20]. Con-
sequently, (6) is simplified as

D (ias) =
3

4
(V ∗

d −Rseias) . (7)

This simplification has satisfactory results at high currents.
However, this method may lead to unacceptable errors at low
currents. In this paper, this method is called the conventional
method.

2) In [21], a recursive numerical method has been used to
solve (6). The result is rewritten as follows:

D (ias) = gPWM (ias)− gPWM

(
ias
2

)
+ gPWM

(
ias
22

)

+ · · ·+ gPWM

(
ias
22k

)
− gPWM (0) /2 (8)

where k should be chosen as large as possible. As shown in
[21], this method has very good results for a two-level inverter.
However, as will be shown later in this paper, the slope (or the
variations) of the nonlinearity curve is very high at very low
currents in multilevel inverters. Therefore, based on the terms
of ias

22k
, ias

22k−1 , etc., in (8), the errors in the previously measured
currents (which are inevitable, especially at very low currents)
may result in significant error in the estimation of D(ias). In
this paper, this method is called LCBM.

The aforementioned two approaches to solving (6) are based
on the assumption of the inverter three-phase symmetry. There-
fore, they cannot be applied to a CHB inverter with faulty cells.

B. Proposed Method

As discussed in the conventional method, D(ias) can be sim-
ply calculated (including some errors specifically at low cur-
rents) via dividing gPWM(ias) by two based on the assumption
of the inverter three-phase symmetry. However, the shares of
healthy and faulty phases from gPWM(ias) under bypassed cells
conditions are not clear. A modified nonlinearity model, i.e.,
gPWM, is proposed in this paper for use under both healthy and
bypassed cells conditions. In addition, the proposed method is
of general use as it can be employed with both two-level and dif-
ferent multilevel inverter configurations in self-commissioning.
This is so because the method can model each phase of a VSI,
irrespective of its type, by an ideal voltage source in series with
a nonlinear voltage source that represents the nonlinearity of its
corresponding phase (as demonstrated in Fig. 4).
gPWM(ias) in the form of (6) can be used with healthy VSIs.

However, in order to have a relation that can be utilized with
CHBs under faulty conditions, gPWM(ias) can be defined as in
the following form:

gPWM (ias) = Da (ias) +Db (ias/2) . (9)

In the proposed method, only gPWM(ias) is required and there
is no need to know the information ofDa(ias) orDb(ias/2). The
symmetry in at least two phases of a CHB under faulty conditions
is the only limitation of (9). In other words, the nonlinearities of
the phases “b” and “c” must be equal in order to have ibs = ics =
−ias/2 when θ = 0. Similarly, θ is set to 2π/3 or –2π/3 when
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the phases “a” and “c” or “a” and “b” have an equal number of
bypassed cells, respectively.
Dx(ixs) (x = a, b, c) can be described as follows [21]:

Dx (ixs) = h1x (ixs) + VdcfPWMh2x (ixs) (10)

where h1x(ixs) and h2x(ixs) are used to model the nonlinearity
curve of the VSI. From (9) and (10), (11) can be obtained

gPWM (ias) = (h1a (ias) + h1b (ias/2))

+ VdcfPWM (h2a (ias) + h2b (ias/2)) . (11)

Substituting pm(ias) = hma(ias) + hmb(ias/2),m = 1, 2,
in (11), (12) is obtained as

gPWM (ias) = p1 (ias) + VdcfPWMp2 (ias) (12)

where p1(ias) and p2(ias) are used to show the dependency of
gPWM(ias) on Vdc and fPWM. It is worth mentioning that both
Dx(ixs) and gPWM(ias) contain inverter nonlinearity due to
dead-time, semiconductors’ voltage drops, propagation delays,
parasitic capacitors, etc.
p1(ias) and p2(ias) are two unknowns in (12). Therefore,

two equations are required to define the two unknowns. Vdc

of the power cells is imposed by the grid voltage and phase-
shifting transformer turn ratio. Therefore, it cannot be changed
by the control system and only the carrier frequency can be
changed. The two unknowns of (12) are defined by running the
dc current test at two different carrier frequencies. Thus, the
following system of equations is obtained:

{
gPWM1 (ias) = p1 (ias) + VdcfPWM1p2 (ias)

gPWM2 (ias) = p1 (ias) + VdcfPWM2p2 (ias)
(13)

where gPWM1(ias) and gPWM2(ias)represent gPWM(ias) at two
carrier frequencies fPWM1 and fPWM2, respectively.

From (13), p1(ias) and p2(ias) are calculated as
{
p1 (ias) =

gPWM1(ias)fPWM2−gPWM2(ias)fPWM1

fPWM2−fPWM1

p2 (ias) =
gPWM2(ias)−gPWM1(ias)

Vdc(fPWM2−fPWM1)
.

(14)

These calculations have to be done separately for all of the
desired motor phase currents in order to obtain the inverter non-
linearity curve similar to Fig. 1. Based on the aforementioned
formulas, the proposed method of compensating for the inverter
nonlinearity is illustrated in Fig. 6 in the dq coordinates. Accord-
ing to the flowchart, the data obtained for vd and id from the dc
current test [Step (1)] are utilized in Step (2) to extract gPWM1

and gPWM2 based on (6). It should be mentioned that Rse in
(6) is estimated from the slope of the linear portion of the vd–id
curve. Then, p1(ias) and p2(ias) are calculated in Step (3) based
on (14) and the new reference voltages, vrefd and vrefq , which
take the inverter nonlinearity into account, are computed in Step
(4). Since vq = 0, the nonlinearity in the q-axis is set to zero.
Therefore, the compensation voltage is only added to the d-axis
component. Finally, the effects of the bypassed cells on the ref-
erence voltages are applied in Step (5), where Mx (x = a, b, c)
is obtained through dividing the number of cells before the fault
by the number of cells after the fault. For fixed switching fre-
quency and negligible dc voltage variations, Step (3) in Fig. 6

Fig. 6. Block diagram of the proposed method.

can be omitted and, according to (12), the term gPWM(ias) can
be used instead of (p1(ias) + VdcfPWM p2(ias)) in Step (4).

As shown in Fig. 6, contrary to [21] and the conventional
method, there is no need to solve a nonlinear equation such as (6)
or to use some approximations such as Dx(ixs) ≈ Dx(ixs/2).

The proposed method is only suitable for parameter esti-
mation at standstill (auto-tuning) since (4) is true at standstill
and this equation is then used to obtain (6) or (9). Obviously,
when the motor is not at standstill, iq �= 0, and from (1), relation
ib = ic = –ia/2 holds true only at some specific points of the
cycle, i.e., θ = −tan−1(iq/id), π − tan−1(iq/id). Therefore,
in the running condition of the motor,Da(ias) +Db(ias/2) can-
not be utilized, and consequently,Da(ias),Db(ibs), andDc(ics)
have to be used separately in each phase.

The effect of temperature variation on the nonlinearity of
VSIs is identical for the conventional and proposed methods.
In addition, self-commissioning usually lasts less than 5 min.
Therefore, if the temperature variation is considerable, the in-
verter nonlinearity identification can be repeated in the middle
of tests.

III. EXPERIMENTAL RESULTS

A. Experimental Setup

The experimental setup for the multilevel inverter is shown in
Fig. 7, while the experimental setup reported in [21] is used for
the two-level inverter. In this paper, the main control system in-
cludes a DSP model TMS320f28335 from Texas Instrument and
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TABLE I
IM PARAMETERS

Fig. 7. Experimental setup.

an FPGA model XC3S400 from Xilinx. The local control of each
power cell includes a CPLD model XC95288XL from Xilinx.
In order to make the system immune to the noise, the main con-
trol unit is connected to the local controls through fiber optics.
Each H-bridge consists of two double IGBTs with part number
LUH75G1202. The dead-time is set to 3 μs. The switching fre-
quency of each cell is 2 kHz where the unipolar PWM is used.
The dc voltage average value of each cell is approximately 56 V.
Three current sensors from LEM Company with part number
LA55-P/SP1 are used for current measurements. The measured
voltage data are obtained from the stored variables in the DSP
memory by using JTAG. The IM data are presented in Table I.

B. Achieving the Voltage–Current Curve of the Multilevel
Inverter and Its Comparison With the Two-Level Inverter

Fig. 8 shows the control system of the multilevel inverter at
standstill in order to determine the nonlinear characteristics of

Fig. 8. Control system of the multilevel inverter at standstill.

the inverter. As shown in this figure, the main controller is DSP.
It samples the three-phase currents and uses the H-bridges dc
voltages to generate the reference voltages for FPGA. A 16-
bit parallel connection is employed to transfer data from DSP
(master) to FPGA (slave). In FPGA, for each CHB, the related
reference voltage is compared with two carriers (due to unipolar
PWM) in a block. The output of this block determines the ON/OFF

switching instants of each IGBT (T1 − T4) in each cell.
By applying different dc currents and calculating steady-state

output voltages (vd) in the control system, the blue curve of
Fig. 9 is obtained for the five-level CHB. Since the variation of
the inverter nonlinearity is very small at high currents, the slope
of this curve denotes Rse (see Fig. 5). If the effect of voltage
drop on series resistance is excluded from the blue curve, the
red curve will be achieved. The data for 2

3gPWM(ias) are ex-
tracted by using (6) and are then stored in a lookup table with
513 cells. This curve models all the nonlinear characteristics of
the inverter such as dead-time, parasitic capacitors, etc., simul-
taneously. Nonlinear curve of the multilevel inverter has a step
change around zero current and a little error in measurement can
lead to a significant error inD(ias). The method in [21] [see (8)]
has employed these values, i.e., near-zero values of ias, to calcu-
late other nonlinearity points of D(ias) in a two-level inverter,
as shown in Fig. 10. According to this figure, nonlinear curve of
the two-level inverter imitates a ramp-wise function with gradual
changes at near-zero currents. Therefore, (8) leads to excellent
nonlinearity estimation, as stated in [21]. The uncertainty around
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Fig. 9. Nonlinear curve of the five-level inverter in which the effect of series
resistance (Rse) is included in the blue curve (vd) and excluded in the red one
(vd –Rseias).

Fig. 10. Nonlinear curve of the two-level inverter in which the effect of series
resistance (Rse) is included in the blue curve (vd) and excluded in the red one
(vd –Rseias).

the zero current for the multilevel inverter is shown in Fig. 11 for
different tests conducted at different times. The effect of this un-
certainty on the inverter nonlinearity estimation is investigated
in Fig. 12. In this figure, D(ias) is calculated based on LCBM,
i.e., (8), in which 20% error is intentionally incorporated into
special point of gPWM(ias). It is obvious from Fig. 12 that the
effect of error at very low currents propagates to high currents as
also mentioned in Section II-A. These errors in practice lead to
the emergence of even harmonics in the estimated phase voltage
of the multilevel inverter due to the asymmetry between the pos-
itive and negative sides of the calculated D(ias) (see Fig. 12).
It has been also shown in [21] that there is a very low amplitude
of even harmonics in the calculated phase voltage of a two-level
inverter.

Furthermore, Fig. 13 shows that gPWM(ias) at a specific
switching frequency (e.g., fPWM = 2 kHz) can be calculated

Fig. 11. Uncertainty of the multilevel inverter nonlinear characteristics around
the zero current in 19 experiments.

Fig. 12. Effect of the uncertainty of D(ias) +D(ias/2) around the zero
current on D(ias) by using the method in [21] for the five-level inverter.

Fig. 13. Effect of power cells switching frequencies on ML nonlinearity.
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Fig. 14. (a) Nonlinearity of two phases of the inverter in different methods.
(b) Difference between the conventional and square waveform methods relative
to the proposed method.

based on the data for gPWM(ias) at two different switching fre-
quencies (e.g., 1.5 and 2.5 kHz). First, the functions p1(ias) and
p2(ias) are calculated according to Step (3) of Fig. 6 or (14).
Then, gPWM(ias) is obtained at 2 kHz based on (12). It is ev-
ident from the inset shown in Fig. 13 that there is a negligible
error between the calculated and measured gPWM(ias) at the
switching frequency of 2 kHz.

C. Investigating the Effects of the Proposed Method on the
Elimination of VSI Nonlinearity in the Control System

By using the dc current test, the curve related to the proposed
method (see Fig. 6) is obtained, as shown in Fig. 14(a). Also,
D(ias) for the conventional method is calculated by importing
the dc current test data into (7). The curve for the square wave-
form method is obtained by using the average of the high current
values for both positive and negative currents. The difference be-
tween the proposed and conventional methods and the difference
between the proposed and square waveform methods are plotted
in Fig. 14(b). Since, in the conventional method, the estimated
inverter nonlinearity is lower (higher) than its real value for posi-
tive (negative) currents, the control system adds an extra positive
(negative) voltage to the reference voltage (see Fig. 6). On the
other hand, the control system adds an extra negative (positive)
voltage in the square waveform method.

In Fig. 15, a linear time-varying current is applied to the IM.
Since the motor is at standstill and the total time of this test is
relatively long, i.e., 108.7 s, the voltage drop due to the leakage
inductances is negligible and only the voltage drop on the series
resistance (Rse) is evident (see Fig. 5). Consequently, the cal-
culated reference voltage would also be linear and variable with
time. However, due to the approximation used to achieve (7), the
conventional method does not offer a good performance at low
currents in comparison to the method proposed in this paper. The
same problem also exists in [26] at very low currents. According
to Fig. 15, the waveform related to LCBM is located somewhere

Fig. 15. (a) Calculated reference voltage by using different methods while
applying a linear current. (b) Difference between these methods relative to the
line with the slope of Rse.

Fig. 16. (a) Effect of different methods on the calculated reference voltages in
the control system while applying a high sinusoidal current at the fundamental
frequency of 0.0092 Hz (Im = 3.51(A)): trace 1: LCBM for ML, trace 2: pro-
posed for ML, trace 3: proposed for 2L, trace 4: conventional for ML, trace 5:
square waveform for ML, trace 6: expected for ML. (b)–(e) Harmonic spectrum
of the reference voltage obtained from different methods.

between the proposed and conventional methods waveforms. In
Fig. 15(a), the slope of the obtained curves for ML is 3.14 Ω
(for 2L is 3.03 Ω) at high currents, which is close to the value
of the stator resistance mentioned in Table I. Since the number
of series resistances due to the semiconductors in MLs is more
than 2L, higher Rse is expected for MLs, which is evident from
the inset shown in Fig. 15(a).

In Figs. 16 and 17, the different methods are compared in
terms of reference voltage estimation at high and very low si-
nusoidal currents, respectively. The expected curves in Figs. 16
and 17 are obtained from the resistance calculated in Fig. 15.
In Fig. 16(a), the expected fundamental value is 11.02 V, while,
according to Fig. 16(b), it is 11.04 V for the method proposed in
this paper and around 11.3 V for the other methods. Therefore,
the estimation error in the proposed method has approximately
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Fig. 17. (a) Effect of different methods on the calculated reference voltages
in the control system while applying a very low sinusoidal current at the funda-
mental frequency of 0.0092 Hz [Im = 0.351(A)]: trace 1: LCBM for ML, trace
2: proposed for ML, trace 3: proposed for 2L, trace 4: conventional for ML,
trace 5: square waveform for ML, trace 6: expected for ML. (b)–(e) Harmonic
spectrum of the reference voltage obtained from different methods.

improved by 2.36% compared to the other methods. In Fig. 17,
the curve obtained from the proposed method is very close to the
expected one for both 2L and ML inverters. As explained for Fig.
14, the control system adds extra negative (positive) values to
the reference voltage for positive (negative) current in the square
waveform method in order to apply a sinusoidal current to the
motor. Since the fundamental component of the expected volt-
age is high, the effect of the error in the square waveform method
is insignificant in Fig. 16. Conversely, in Fig. 17, since the am-
plitude of the expected reference voltage is low, the effect of this
error is noticeable. The expected voltage fundamental compo-
nent for the ML inverter is 1.10 V in Fig. 17, while, according
to Fig. 17(b), its amount is, respectively, 1.57 and 1.11 V for
the conventional method and the method proposed in this paper.
In other words, the estimation error is approximately 43% and
1% for the conventional and proposed methods, respectively.
Furthermore, the estimated voltage THD in Fig. 17(b) has im-
proved by 6% in the proposed method (4.1%) in comparison to
the conventional one (10.1%). Moreover, Figs. 16(b) and 17(b)
reveal that LCBM leads to considerable even harmonics in the
estimated reference voltage as expected from the explanations
provided for Fig. 12.

D. Investigating the Performance of the Proposed Method in a
Multilevel Inverter With Bypassed Cells

High reliability and fault tolerance are two distinguishing fac-
tors in selecting the power electronic converter for high-power
industrial applications. One important feature of a CHB is its
ability to work under faulty conditions. If the reference voltages
are not adjusted appropriately, the output line-to-line voltages
will be unbalanced [27]. To apply balanced line-to-line voltages
to the motor under faulty conditions, the easiest way is to bypass
an equal number of cells per phase [28]. In [28] and [29], it is
suggested to change the angle between the reference voltages
to achieve balanced voltages. In [30], it has been proposed to

Fig. 18. Effect of bypassing the multilevel inverter cells on the multilevel
inverter nonlinearity.

Fig. 19. Obtained linear voltages by applying linear currents when some cells
are bypassed in the proposed method.

adjust the dc voltage of healthy cells with active rectifiers. In
[31], a method has been proposed to use a zero-sequence volt-
age in order to have maximum balanced voltages. Therefore,
treating CHB inverter with bypassed cells as a normal inverter
leads to its high reliability. In other words, the operator can use
the entire feature of a healthy inverter with only reduced rated
output power. Besides the necessity to apply balanced line-to-
line voltages in a faulty CHB, its nonlinearity should be modeled
for the sake of proper motor parameters estimation at standstill
(self-commissioning or auto-tuning). In addition, nonlinearity
modeling of a faulty inverter is needed for speed and rotor resis-
tance estimation in the sensorless vector control. Consequently,
in this paper, modeling of the multilevel inverter with bypassed
cells for motor auto-tuning is investigated. In this article, the
operation under faulty condition means that some faulty cells
are bypassed due to problems such as IGBT failure, etc., and the
operation is continued with available healthy cells.

In the previous experimental results, (6) was used in order to
compare the proposed method with the conventional ones while
(9) is employed to extract the experimental results of Figs. 18 and
19. In these figures,nk, k ∈ {a, b, c} shows the number of the
healthy cells in each phase. In Fig. 18, the inverter nonlinearity
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Fig. 20. Estimation of the total leakage inductance of the IM by using a two-
level inverter.

is plotted based on the proposed method (see Fig. 6) under faulty
conditions. In [22], the effects of the voltage drop and dead-
time on the inverter nonlinearity have been investigated and it
has been shown that there is a linear relationship between the
number of inverter cells at each phase and these two factors. In
Fig. 18, a good matching is evident between the nonlinearity
curve of a five-level inverter and twice the nonlinearity curve of
a three-level inverter (with (nA, nB , nC) = (1, 1, 1)), which
is an indicative of the aforementioned linear relationship. The
switching frequency of the cells has not been changed in these
tests.

In order to show that the proposed method can also model
the nonlinearity of the inverter with the bypassed cells for
self-commissioning, the tests of Fig. 15 have been repeated in
Fig. 19. It is obvious that due to the elimination of the resistive
drop of the bypassed modules fromRse in Fig. 5, the slopes of the
lines have changed. In Fig. 19, the slope of the line correspond-
ing to the five-level inverter is the most and for the three-level
inverter is the least.

E. Investigating the Performance of the Proposed Method in a
Two-Level Inverter for Motor Parameters Estimation

The proposed method, not only can be used with multilevel
inverters as explained in previous sections, but also it can be used
with two-level inverters [21] and any configuration that can be
modeled as Fig. 4. In an IM, the current–voltage characteristics
of the inverter, stator resistance, transient leakage inductance,
total leakage inductance, rotor resistance, magnetization charac-
teristic, stator inductance, etc., can be obtained through the self-
commissioning process [32]. Fig. 20 shows the estimation re-
sults of the IM total leakage inductance (σLs = Ls − L2

m/Lr)
by using the method of [32]. Based on [32], the impedance of
the IM at each current level is obtained at 2.084( = 6.25/3) Hz
and 6.25 Hz (it is recommended in [32] to use two frequencies
between 2 and 12 Hz). By utilizing these two impedances and
the equations of [32] at the specific current, the total leakage
inductance for different methods is calculated. At high currents,
different methods have relatively the same results as expected
from Fig. 14(b). However, at low currents, for example at current

of 0.313 A, the values of 33.4, 30.9, and 29.3 mH are calculated
via the conventional, proposed, and locked rotor tests, respec-
tively. Therefore, considering the conventional locked rotor test
results as the real values of the total leakage inductance, the pro-
posed method has improved the estimation of σLs up to 8.5% in
comparison with the conventional method. This is due to the fact
that the proposed scheme is capable of adequately compensating
the inverter nonlinearities.

IV. CONCLUSION

A practical procedure with superior performance with respect
to the conventional methods was presented in this paper to iden-
tify the inverter nonlinearity at very low frequencies and currents
in VSIs such as two-level and multilevel inverters. It was also
demonstrated that this method, unlike the conventional methods,
can be used in CHBs with bypassed cells even at very low cur-
rents for self-commissioning. Based on the proposed method, the
inverter nonlinearity is estimated appropriately in a faulty CHB.
This feature ensures the customers to conduct auto-tuning with
acceptable results via either healthy or faulty multilevel CHB
or two-level inverters. In this paper, it was experimentally il-
lustrated that the proposed method can improve the estimation
of the total leakage inductance of an IM by at least 8.5% at
low currents. Also, it was shown that at low currents, the square
waveform method has unacceptable results and the conventional
method leads to a considerable error on the fundamental com-
ponent of the calculated reference voltages. It was depicted that
LCBM can lead to even harmonics in the calculated phase volt-
age in multilevel inverters. The proposed method can be im-
plemented simply and there is no need to solve the nonlinear
equation numerically.
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