
Received 31 January 2023, accepted 13 February 2023, date of publication 15 February 2023, date of current version 23 February 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3245663

Offline Measurement of Stator Resistance and
Inverter Voltage Drop Using Least Squares
ANTON DIANOV 1, (Senior Member, IEEE),
AND ALECKSEY ANUCHIN 2, (Senior Member, IEEE)
1Daeyoung Research and Development Center, Yongin 16954, South Korea
2Department of Electric Drives, Moscow Power Engineering Institute, 111250 Moscow, Russia

Corresponding author: Anton Dianov (anton.dianov@gmail.com)

This work was supported by the Russian Science Foundation under Project 9 21-19-00696.

ABSTRACT Modern industrial and commercial electrical drives are typically designed to control motors
of different types, operating under scalar, field-oriented or direct torque control. These drives execute
various algorithm such as sensorless control, temperature monitoring, etc., which require the knowledge
of motor drive parameters. In order to do this, the inverters allow data to be input manually or execute self-
commissioning routines before running the motor. The parameters necessary for proper operation include
motor phase resistance and inverter voltage drop, which are especially important in low-speed range. This
paper presents an offline technique for estimation of mentioned parameters, which can be obtained with
enough precision for the overwhelming majority of applications. The proposed algorithm consequently
injects DC-current of several levels into the stator of a motor, measuring the corresponding voltages. Each
pair of current and voltage is a point in the voltage current characteristic ofmotor drive, thus set of these points
maybe approximated with a first order polynomial using least squares method. The parameters of polynomial
are desired inverter voltage drop and phase resistance. The experimental section analyzes estimation errors
and their dependence on the number of injected levels, their values and filtering capability of measuring
algorithm. After that, the authors give suggestions on algorithm parameters selection, depending on the
demanded precision. Finally, the authors demonstrate a mass-producing dishwasher motor drive, which
adopted this technique.

INDEX TERMS Parameter estimation, electrical resistance measurement, voltage measurement, sensorless
control.

I. INTRODUCTION
Electrical motors play a significant role in modern soci-
ety, consuming about half of the energy produced in the
world [1]. As a result, even minor increases of motor drive
efficiency have a significant positive impact on energy sys-
tems, decreasing power loss and fuels burn [2]. Considering
the latest tendencies on decreasing carbon emissions, these
facts are the key reasons for toughening of standards on
device efficiency, which force manufactures to increase effi-
ciency of their devices [3], [4], [5]. It results in the focusing
of the manufactures of power converters on the algorithms,
which increase energy efficiency, and on the proper tuning
of control systems, which demands precise information on
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parameters of the objects under control [6]. Furthermore,
a significant amount of motor drives involves sensorless con-
trol algorithms, which performance is sensitive to uncertainty
of system parameters. They can significantly decrease the
efficiency of a whole motor drive, operating with inaccurate
parameters.

A conventional approach to tuning of control systems is
the usage of predefined constants, which is simple in imple-
mentation, but does not take motor drive parameters variation
into account [7]. As a result, a conventional approach has
limited usage, therefore high-efficient motor drives involve
other techniques, which consider change of motor parame-
ters. The problemwith the proper tuning of control systems is
especially crucial in self-commissioning motor drives, which
controlmotors with previously unknown values of parameters
and have to estimate them at the stage of tuning [8], [9].
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As a result, estimation of system parameters has become an
important topic, which attracts numerous researchers.

The stator phase resistance and inverter voltage drop are the
most important parameters for motor drives, which frequently
start or operate at low speeds. Precise estimation of the stator
resistance improves the performance of non-injective position
and speed estimators, especially in low-speed regions, where
back-EMF is insignificant [10]. In turn, it makes short open-
loop starting and fast closing of the control system possible,
thus increasing the drive efficiency [11], [12].

Other important and challenging tasks, which requires
precise information on stator resistance and inverter voltage
drop, are motor fault detection, efficiency evaluation and
monitoring of temperature [13], [14]. The temperature of
the motor and inverter can be estimated using variation of a
conductor resistance with the temperature [15], [16], [17]:

R = R0 (1 + α (T − T0)) , (1)

where R0 is a conductor resistance at the temperature T0, R is
that resistance at the temperature T and α is the temperature
coefficient. It is 3.93·10−3 1/◦C and 4.31·10−3 1/◦C for pure
copper and aluminum respectively, and is slightly higher for
impure materials. At the same time the stator resistance may
be a part of more complicated thermal models of motors. As it
can be seen from (1), the resistance rises with the increase
of temperature, however this raise is insignificant. Therefore,
in order to obtain temperature with adequate error, the value
of resistance must be estimated precisely.

The algorithms for system parameters estimation can be
divided into online and offline techniques by the type of
operation. Online techniques run in parallel to operation of
motor drive, continuously estimating its parameters. They can
detect change of parameters faster, so the system may tune
online, keeping operation at high efficiency. These methods
are suitable for drives with long continuous operation, where
motor parameters significantly vary [18]. At the same time,
implementation and adjustment of such techniques is a chal-
lenging task, which requires time and qualified engineers.
Moreover, online methods typically demand powerful micro-
controllers, thus their usage in low-cost systems is limited.

Simultaneously, the offline methods do measurements and
estimate system parameters prior to the main working cycle
of motor drives. The main disadvantage of this approach
is the inability to track motor parameters variation during
operation of the drive, therefore the estimated data reflect
motor drive state before starting of the operation. How-
ever, system parameters may significantly vary during oper-
ation, especially in the drives with long running cycles.
As a result, offline techniques are suitable for drives with
short working cycles, where the estimated motor parameters
do not change significantly. These techniques perfectly fit
the requirements of motor drives performing in start/stop
modes, e.g., washing machines drives, drives of lifting mech-
anisms, etc. The offline techniques are typically simpler than
online methods and do not require qualified engineers and
complicated tuning.

The purpose of this workwas development of the algorithm
capable to estimate stator resistance and inverter voltage drop
in low-cost electric drive for dishwashers. This drive operates
at short working cycles with frequent restarts and reverses.
Considering this specific type of operation, the offline meth-
ods are the most convenient solution, which combines simple
implementation and ease of tuning.

Therefore, this work proposes an offline method for mea-
surement of stator resistance and inverter voltage drop, which
injects DC current of different levels and estimates the desired
parameters using least squares method (LSM). The paper
considers traps and pitfalls in the estimation process, suggests
measures to avoid them. The manuscript analyses impact of
algorithm parameters variation on the tolerance of estima-
tion and provides recommendation on their selection depend-
ing on the project requirements. The developed algorithm
improved starting performance of the dishwasher sensorless
motor drive and provided stable starting at different motor
temperatures. After internal evaluation, the developed motor
drive was put into mass production.

II. STATE OF THE ART
In order to estimate stator resistance, a number of tech-
niques were proposed. They mainly considered permanent
magnet synchronous motors (PMSM) and induction motors
(IM) [19], however they can be modified for operation with
motors of other types.

The authors of [19], [20], [21], [22], [23], [24], [25],
[26], [27], and [28] proposed various online techniques for
the stator resistance estimation of induction motors, while
the algorithms proposed in [20] and [21] involved various
estimators. The work reported in [20] suggested a simpler
estimating technique, capable to work online. The researches
published in [22] and [23] considered the use of a model
reference adaptive system (MRAS)-based technique for mea-
surements in motors operating under deadbeat control and
direct torque control (DTC). The authors of [24] and [25]
proposed adaptive observers and studied their stable oper-
ation. The methods published in [26] and [27] suggested
various injection-based algorithms, where [26] adapted its
application at zero speeds. The research published in [28]
involved artificial neural networks (ANN) for the estimation
of resistance and demonstrated high tolerance of estimation.

The methods proposed in [15], [16], [29], [30], [31], [32],
[33], [34], [35], [36], [37], [38], [39], and [40]were developed
for the online estimation stator resistance of PM synchronous
motors. The techniques reported in [29], [30], [31], [32],
and [33] suggested several estimators, where [30] studied
adaptive estimator and algorithm considering machine satu-
ration. The algorithms published in [32] and [33] proposed
estimators of resistance for DTC systems and the research
published in [31] suggested estimator, which is based on anal-
ysis of higher harmonics of back-EMF. The authors of [16],
[34], and [35] adapted MRAS-based techniques and nonlin-
ear Luenberger observer, capable to operate online. Several
interesting techniques were reported recently in [36], [37],
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and [38], where the paper [36] involved quantum genetic
algorithm and the authors of [37] and [38] proposed the usage
of electrical signals affine projection of motors. The method
published in [39] was designed for control systems of open-
end winding motors, where the estimation technique defines
motor resistance and PM flux linkage.

Simultaneously, the group of algorithms reported in [17]
and [40] proposed various injection-based techniques, where
paper [17] suggested a method for precise estimation of
motor resistance for temperature estimation, and the authors
of [40] recommended injections of current along d and q axes,
optimizing for offline and online operations.

All above-mentioned algorithms are designed for online
operation and estimate motor resistance with different errors,
however they are difficult in tuning and implementation.
Moreover, some of them are not applicable for operation at
low speeds.

For the purpose of simplification of estimation algorithm
and decrease of its development time, it is recommended to
use offline techniques. The offline approaches are unable to
detect changes of the stator resistance when motor operates,
however it may not be necessary for several groups of appli-
cations. Therefore, offline estimation of motor resistance is
attractive research area, where various researchers contribute
and report their ideas [41], [42], [43], [44], [45].

The authors of [41] proposed injection of a high-frequency
short time pulses simultaneously with avoiding of dead-
time effect, however this method is hard in implementation
and tuning. A good alternative to injection of signals was
suggested in [42], where, in order to estimate every motor
parameter, the authors changed the structure of the current
controller and sought the minimum point of the current norm,
based on a hill-climbing algorithm. This algorithm is easier
in implementation, however is far from simplicity. Another
work reported in [43], studied the impact of the sequence of
parameter estimation on their errors and proposed the optimal
identification sequence.

The authors of [44] proposed offline methods for low-error
measurement of induction motor parameters, however this
algorithm requires laboratory equipment and is not applicable
in self-commissioning motor drives. For solving this prob-
lem, the paper [45] recommended a simple method developed
for induction drives with self-commissioning feature, which
uses injection of DC signals. It can measure resistance of
the stator, however it is unable to estimate inverter voltage.
Moreover, the authors did not provide recommendations on
algorithm tuning and parameter selection, which decreases
its applicability.

A simple approach for offline estimation of stator resis-
tance was proposed in [46], where the author approximate
voltage current characteristic of a motor drive with a first
order polynomial usingmeasurements in two points. The gain
of this polynomial is total resistance of motor drive, which
depends on the motor winding connection, therefore knowing
this commanded connection, the phase resistance may be
found. This approach is relatively fast and simple, however

FIGURE 1. On-state voltage drop vs. temperature at 25 A.

is sensitive to measurement errors, therefore resistance esti-
mation error may be high.

Simultaneously, the estimation of inverter voltage drop
does not attract a lot of attention and only a few papers on
this problem were published recently. The research published
in [47] studied the inverter non-linearities and compensation
methods; after that it suggested a technique for estimation
of the inverter voltage drop, however this algorithm requires
value of motor resistance. Furthermore, it operates with pre-
defined constants and does not consider resistance variation,
which results in higher errors.

Another method proposed in [48] considered compensa-
tion algorithms as well, however suggested the usage of
predefined constants as values of voltage drops, which did
not take their variation with a temperature into account and
may decrease total performance of the motor drive.

The techniques similar to [48] suppose that the voltage
drops across semiconductor devices are constants, which can
be found in datasheets. However, the voltage drops vary,
depending on the temperature and considering them to be
constants, worsens the performance. It is illustrated by Fig. 1,
which was taken from [49] and demonstrated variation of
voltage drop with the temperature for two transistors oper-
ating at the same current density. This figure shows the char-
acteristics of a trench IGBT IRGP4063D and super-junction
MOSFET IPP60R099C6, and demonstrates that the voltage
drop may be significant, therefore, has to be considered.

In order to compensate inverter’s non-linearities and
improve operation of sensorless estimators, the authors
of [50] and [51] proposed detailed inverter model, which
considers voltage drops across IGBT transistors and
free-wheeling diodes, switching delays and dead-times.
This approach significantly improved operation of self-
commissioning drive, however have several disadvantages.
The time of self-commissioning is long, which makes its
execution before everymotor’s start impossible. Furthermore,
this method does not take parameters variation with the
temperature into account, so it can be recommended only for
drives with relatively stable parameters.

The authors of [52] considered all possible current paths in
inverter depending on the state of its switches and explained
which voltage drop (transistor or diode) and sign should
be used for compensation. It allows to compensate inverter
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FIGURE 2. Current paths a) energising; b) deenergizing.

voltage drops precisely in all modes of operation and provides
better performance, especially at low-speeds [53], [54].

In this research the authors focused on the typical drive
operation in motor mode, with current paths demonstrated in
Fig. 2. The deenergizing path is shown through the negative
rail of the DC-link, however it can be implemented through
the positive rail as well. The information on stator resistance
and voltage drop is extremely important at low speeds, where
the rotor back-EMF is low and impact of these parameters
is significant. The control system in this mode of operation
applies small voltages to the stator and most of the time phase
current flows through two inverter switches or one switch
and free-wheeling diode. The same situation occurs when
the equivalent resistance is measured during standstill at low
voltage; therefore, it was found that these operation modes
can be considered to be similar.

After considering the existing offline techniques and anal-
ysis of their pros and cons, it was concluded that they were
either too complicated, or did not guarantee enough precision.
Thus, the necessity of the development of a simple measure-
ment algorithm operating offline was detected. Therefore,
this paper proposes such algorithm for measurement of stator
resistance and inverter voltage drop, which combines simple
implementation and provides low estimation errors.

III. STRUCTURE OF DISHWASHER MOTOR DRIVE
The electric drives of dishwashers are low-cost systems, with
the conventional structure used in various applications in
automotive, home appliances, industry etc. They are intended
for control of three phase Y-connected PMmotors in the sen-
sorless control mode and, therefore, do not include any posi-
tion sensors. The electrical signals are measured by means
of the DC-link voltage sensor and the motor phase current
sensors, placed in two bottom legs of the inverter, Fig. 3.
The phase voltages applied to the motor are calculated using
commanded duty factors and sensed DC-link voltage, while
two phase currents are measured in the conduction intervals
of the corresponding switches and the third current is restored
using Kirchhoff’s law.

The control scheme of currently produced PMSM drives
of dishwashers involves conventional field-oriented control
scheme, enhanced with additional blocks for increasing effi-
ciency. It contains two inner current loops in dq refer-
ence frames and outer speed loop, with proportional-integral
(PI) type regulators, programmed according to [55]. The

FIGURE 3. Structure of electical drive.

information on rotor position and speed, required for Park and
Clarke transformations, is provided by the estimator, based on
back-EMF prediction. The system is enhanced with anMTPA
block, implemented as described in [56], [57], and [58], field-
weakening algorithm and harmonics suppression techniques
similar to those considered in [59]. In order to implement a
number of control functions and service algorithms in a low-
costmicroprocessor, themath functionswere optimized using
assembler and special techniques considered in [60] and [61].

Taking into account that the dishwasher motor drive is a
low-cost system, the new developing algorithm had to be sim-
ple and had no requirements to additional hardware, which
might increase total cost. As a result, it had to be implemented
as an enhancement of the software for described motor drive.

It should also be noted that due to the policy of cost
optimization, the company planned usage of cheaper motor
drives in future models of dishwashers. Thus, the inverter
configuration with two current sensors will be substituted
with one shunt current sensor in the DC-link, and the control
system will be enhanced with current reconstruction algo-
rithm. As a result, the inverter of the new configuration will
provide lower precision in current measurements, therefore,
the developing algorithmmust be able to operate in that motor
drive configuration as well.

IV. PROPOSED ESTIMATION TECHNIQUE
The simplest technique for the offline estimation of stator
resistance R uses Ohm’s law [62]:

R =
U
I

, (2)

where U is a voltage applied to the stator, and I is the current
in the stator windings. This approach is simple, however it
does not take the inverter voltage drop into account, therefore,
it works well only when the applied voltage is significantly
higher than the voltage drop. At the same time, most of low-
and middle-power electrical drives, including dishwasher
motor drives, have motors with resistance in the range of 0.01
– 5 �, maximum current limitation of 1 – 100 A, and voltage
drop across stator 1 – 15 V [63]. Simultaneously, the inverter
voltage drop in power modules of the same power range,
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FIGURE 4. Measurement of the resistance a) Drive equivalent circuit;
b), c) Possible connections of Y connected three-phase motors;
d) Voltage-current characteristics.

is typically 1 – 6 V [64], thus these voltage drops are com-
parable and the inverter voltage drops may not be neglected.
The better results can be obtained using [46], however this
approximation method is sensitive to measurement errors,
because it uses only two points. In order to improve precision
of measurement without hardware modification, this paper
proposes measurement of voltage current characteristic of
motor drive in several points with the following approxima-
tion of the experimental datawith first order polynomial using
least squares.

For considering the inverter voltage drop, the electrical
drive equivalent scheme is demonstrated in Fig. 4a, where R6

stands for the motor equivalent resistance and 1Uinv denotes
the total inverter voltage drop across current path. The equiv-
alent resistance depends on the connection of stator windings
and can be equal either to 2·(Rs + Rsw) or 1.5·(Rs + Rsw),
as demonstrated in Fig. 4b and c, where Rs and Rsw are stator
and switch resistances, respectively.

After the equivalent resistance was estimated, the phase
resistance Rph = (Rs + Rsw) can be calculated and used
in control processes. There is no necessity to segregate
the exact value of Rs, because the inverter control system
calculates phase voltages using measured DC-link voltage
and commanded duty factors. Considering that switches are
located after the voltage measurement point, control algo-
rithms require total phase resistance R6 .

The inverter voltage drop 1Uinv depends on the current
path and in the proposed operational mode can be equal either
to 2·1Usw or (1Usw + Uf ), where 1Usw and Uf are voltage
drops across switch and free-wheeling diode respectively.
These voltage drops differ, however the difference between
them is about 10∼20%, thus they can be considered equal for
the purpose of simplification. Despite inverter voltage drop
decreases at low-currents (typically below 10% of the rated
value), it can be considered a constant, because the operating
modes of the overwhelming majority of motor drives are out
of this range. Thus, the resulting and approximating voltage-
current characteristics, which demonstrated in Fig. 4d, are
used for parameter estimation.

Therefore, Ohm’s law for the demonstrated equivalent cir-
cuit can be written as:

U = 1Uinv + IR6 . (3)

As can be clearly seen from (3), it contains two unknown
variables, therefore, it can not be used directly. In order to find

FIGURE 5. K-stepped resistance measurement.

R6 and1Uinv, the different levels of voltagesU1,U2, . . . ,Uk
may be applied to stator, and corresponding currents have to
be measured I1, I2, . . . , Ik . as it is illustrated in Fig. 5. These
data define a set of k points: (I1, U1,), (I2, U2, ) . . . (Ik , Uk ,),
which can be approximated with the expected function (3),
i.e. first order polynomial, using least squares, which corre-
sponds to the conventional formulation of the problem [65],
[66]. The gain and offset of the approximating line are equal
to the estimated equivalent resistance of the motor R6 and
voltage drop across switches 1Uinv, respectively.
The approximation of set of experimental data with a first

order polynomial is equal to solution of a system [69]:

AX = B, (4)

where X is a vector with the coefficients of polynomial:

X =

∣∣∣∣1UinvR6

∣∣∣∣ , (5)

while A and B are matrixes:

A =

∣∣∣∣ a00 a01a10 a11

∣∣∣∣B =

∣∣∣∣ b0b1
∣∣∣∣ , (6)

which coefficients are defined as follows:

a00 = K ; a10 = a01 =

K∑
i=1

Ii; a11 =

K∑
i=10

I2i

b0 =

K∑
i=1

Ui; b1 =

K∑
i=1

IiUi, (7)

where K is number of data points (number of steps), Ui and
Ii are measured voltage and current at ith step, respectively.
Taking into account that the system (4) is second order,

it can be easily solved analytically:

X =

∣∣∣∣1UinvR6

∣∣∣∣ = A−1B

=

[
A−1

=
1

a11a00 − a01a10

∣∣∣∣ a11 −a01
−a10 a00

∣∣∣∣]
=

1
a11a00 − a01a10

∣∣∣∣ a11b0 − a01b1
−a10b0 + a00b1

∣∣∣∣ , (8)

The stator winding configurations impact the total resis-
tance R6 as shown in Fig. 4b, c, thus, phase resistance Rph
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may be found as total resistance R6 , divided with the con-
figuration gain. The inverter voltage drop is the total drop
along the current path, therefore it has to be used without any
modifications.

Despite the apparent simplicity of this method, its imple-
mentation has several traps and pitfalls, therefore they must
be considered additionally.

A. MEASUREMENT OF ELECTRICAL SIGNALS
The voltage of DC-link in most electrical drives supplied
from standard grids is in the range of 300 – 500 V, depending
on the number of input phases. At the same time, stator
resistance and the maximum allowed stator current define
voltage drop across windings, which is typically in the range
of 1 – 15 V. Taking into account that inverter voltage drop
is typically in the range of 1 – 6 V and varies, depending
on operational conditions, it is hard to directly calculate
the duty cycles for inverter switches, which can provide
the desired current. In order to overcome this difficulty,
a reversed approach has to be used. The desired value of
current is commanded to the current controller, which con-
trols inverter switches to provide the desired current, and the
applied voltage is calculated by the measurement algorithm.
A similar idea adapted for injection methods was reported
in [17], where the inventers checked its performance and
proved its superiority.

Another important point in the implementation of mea-
surements is the necessity of strong filtering, caused by the
high noise to signal ratio of the measured voltage. This can
be done by averaging of the measured signals over relatively
long periods of time:

U =
1
N

N∑
j=1

uj (t) ; I =
1
N

N∑
j=1

ij (t), (9)

where N is number of samples. As a result, (7) transforms
into:

a00 = K ; a10 = a01 =
1
N

K∑
i=1

N∑
j=1

iji (t);

a11 =
1
N 2

K∑
i=1

 N∑
j=1

iji (t)

2

b0 =
1
N

K∑
i=1

N∑
j=1

uji (t);

b1 =
1
N 2

K∑
i=1

 N∑
j=1

iji (t) ·

N∑
j=1

uji (t)

, (10)

B. DEADTIME COMPENSATION
It was mentioned earlier that injection of DC current not
exceeding maximum value, requires low voltage applied to a
stator, thus, the deadtime impact is significant. Typical values
of the deadtime in the range of 0.2 – 2 µs at 10 kHz PWM,

distort the voltage applied to a stator at 0 – 2% of the DC-link
voltage value, which is 1 – 10 V. These numbers are com-
parable with the voltage drops across inverter switches and
stator windings and may not be neglected. Therefore, in order
to obtain precision and unbiased measurement results, the
impact of deadtime must be eliminated.

The most challenging problem in deadtime compensa-
tion is operation in zones, where current is close to zero.
It may cause various non-linear effects, which are hard to
compensate precisely [67]. At the same time, the proposed
algorithm uses unipolar current injection, which excludes the
abovementioned problems. Therefore, the compensation of
the deadtime may be implemented simply by addition of the
constant voltage or by direct modification of the compare
registers of PWM module at the value of deadtime (the sign
of the modification depends on the current polarity).

Simultaneously, the developed motor drive also contained
the deadtime compensation technique similar to the consid-
ered in [68]. In order to save the development time, the
existing algorithm was involved.

C. WINDING CONFIGURATION
In order to inject current into motors, the stator windings
must form a closed path with the DC-link of the inverter.
It can be done in several ways, depending on the motor stator
configuration. For the most popular three phase motor with
star connected windings and hidden neutral points, there are
two possible configurations, Fig. 4b and c, where total stator
resistance are equal to 2·Rs and 1.5·Rs, respectively. The
higher total resistance allows higher voltage to be applied
to the stator without overcurrent, thus providing lower noise
to signal ratio. Simultaneously, the phase connection demon-
strated in Fig. 4b involves only two motor phases and leaves
one phase unused, while the configuration demonstrated in
Fig. 4c uses all three phases. As a result, the second configura-
tion, distributes current over three phases and provides more
even heating of the motor. Furthermore, the total resistance
of the configuration, which involves three phases, is less,
thus the total amount of the released heat is lower. As a
result, motor parts temperature variation in heating cycle is
lower, thus the total lifetime of the system increases. These
specifics of the proposed techniquemust be considered, when
the connection of stator windings is selected.

D. ELECTRICAL TRANSIENTS
One of the important points, which must be considered,
is electrical transients, where electrical signals are not stable
and which have to be excluded from the samplings. These
transients occur, when a next command of current is sent to
current controller, which is illustrated by the greyed regions in
Fig. 5. The transients character depends on system parameters
and settings of current controller, and their typical length is
about 1 – 100 ms.

Therefore, the control system must skip the time of tran-
sients from the measurements, which can be done in several
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FIGURE 6. End of transient verification.

ways. The simplest approach is the usage of predefined fixed
time, where the measurements are not performed. This time
has to be selected as maximum possible length of transients
in the motor drive. Despite the simplicity of this approach,
it significantly increases total estimation time, because the
skipping interval has to be equal to the maximum possible
transient time and may significantly exceed real length of
transients.

The better method for skipping the transients must analyze
current signal and detect the moment of time, when the
injected current is relatively stable. A simple algorithm of
this kind is demonstrated in Fig. 6, where the input current is
filtered by a low-pass filter (LPF) and analyzed for stability.
The condition of stability is current variation lower than ε

during M consecutive sampling periods, where ε and M are
predefined constants.

E. MECHANICAL TRANSIENTS
Another important point which has to be considered, is the
initial positioning of the rotor, which occurs at the first injec-
tion step of DC current. When the resistance estimation is
started, the position of the rotor is not known and is defined
by the previous stoppage. However, there is a high probability
that the direction of rotormagnetic field differs from the stator
field created by the injected DC current, and forces the rotor
to rotate and align along the stator field. In turn, when the
rotor moves, its magnetic field creates a back-EMF in stator
windings and distort phase current. As a result, the system
has to wait until the end of rotor alignment before starting
measurements.

The mechanical transients are typically slower than the
electrical ones and last about 0.1 – 1 s, therefore this time has
to be skipped from the measurement time at the first injection
step.

F. SELECTION OF ALGORITHM PARAMETERS
The performance of the developed technique significantly
depends on the choice of its settings: number of injection

stepsK , current levels at those steps I1, I2, . . . , Ik and number
of samples at each step N .

The number of injection steps defines a set of points for
the approximation with a first order polynomial, thus the
higher this number, the lower the error. However, significant
increase of this number is meaningless, because it increases
the measurement time, while error decrease is marginal. The
purpose of the experimental part of this work is to define the
optimal number of steps, depending on the precision required.

The commanded injected current defines noise to signal
ratio: the lower the ratio corresponds to the higher injected
current. Thus, according to this relation, it is desirable to
increase the commanded current as high as possible. How-
ever, the difference between commanded currents defines
approximation conditionality: the higher conditionality cor-
responds to the higher difference [69]. Therefore, from this
point of view, it is desired to command current levels from
zero to maximum current, with equal intervals. Therefore,
the choice of commanded currents for injection is a trade-
off between the measurement quality and the approximation
conditionality.

The samples numberN used for averaging of the measured
electrical signals impacts the quality of filtering: the higher
the number, the lower the measurement error. However, sig-
nificant increase of this number is meaningless, because it
increases the measurement time, while the error decrease is
marginal. Thus, the choice of numberN is a trade-off between
measurement errors and speed of approximation. The purpose
of the experimental part of this work is to define the optimal
number N, depending on the precision required.

Considering the specifics of the developed algorithm dis-
cussed above, the technique flowchart is demonstrated in
Fig. 7. It contains blocks for skipping the periods of transient
and measured signals filtering, as explained above. Taking
into account that the proposed technique injects DC currents,
it simultaneously performs initial positioning of the rotor,
thus, at the end of the estimation there are two options: the
inverter either could be turned off, or the motor can start.

At this stage of theory development, it is difficult to formu-
late suggestions on the parameter selection for the proposed
technique. Therefore, they will be provided after carrying out
a series of tests. They are explained in the experimental part
of this manuscript and suggestions on parameter selection are
given.

V. EXPERIMENTAL SETUP
The test jig used for the tuning of the proposed technique
and analysis of impact of its parameter variation to estimation
error, is demonstrated in Fig. 8. It includes stator and rotor of a
multi-purpose commercial type PMSM which are assembled
in special brackets and mounted on rails. It was designed and
optimized as considered in [70] and [71] and its parameters
are shown in Table 1. The motor is coupled with a Magtrol
hysteresis brake BHB-3 andMagtrol speed/torque sensor TM
310/011, which did not take part in estimation and simply
increased the moment of inertia. The measured signals were
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FIGURE 7. Proposed algorithm.

TABLE 1. Motor parameters.

captured by means of a Yokogawa DL-850 oscilloscope,
capable of operating with raw data and pictures.

The inverter used in these experiments was designed espe-
cially for laboratorial experiments and researches. It was
based on the commercial type inverter, designed to operate
in 220 V (50 – 60) Hz standard grids, and included all its

FIGURE 8. Experimental setup.

circuits. However, it was enhanced with additional interfaces
necessary for researchers. The power module used to control
the motors was the IM231-L6S1B (6 A/600 V) intelligent
power module from Infineon, proposed for high-efficiency
and low-cost applications. The structure of the inverter used
in the experiments was similar to that demonstrated in Fig. 3
and additionally, included control buttons and displays as can
be seen from Fig. 8.
The control system of the inverter was based on the Cortex

M3 core iHart i910 microcontroller operating at 80 MHz,
which operated the switches of power module at 8 kHz and
sampled signals each 125 µs. Current and voltage sensors are
implemented using measurement and shunt resistors with the
tolerance of 1%. The signals from sensors initially passed
the built-in amplifiers and after that, were digitalized by a
12-bit internal ADC. The inverter was enhanced with an
interface to position encoder [72], [73] and communication
circuits necessary for interaction with a PC, which was used
for monitoring of internal data, and managing the control
program.

VI. EXPERIMENTAL RESULTS
The proposed technique was implemented as an additional
routine of the standard control system of a commercial type
motor drive for dishwashers, whichwas discussed earlier. The
stator windings in all experiments were configured as shown
in Fig. 4b (R6 = 2·Rs), which provided lower noise to signal
ratio. Simultaneously, for providing of even load distribution
between motor drive phases, the one phase, which did not
conduct current was selected randomly, using noise from the
ADC. Since current control is performed for phase currents,
the control system involves only one current controller, which
operates in motor natural coordinates (abc reference frame).
Considering that the length of DC current injections was

short, however the number of injections was significant, the
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FIGURE 9. Current transient due to rotor rotation.

FIGURE 10. Current rise to 2 A.

inverter and motor might heat and distort measurements.
In order to increase precision of the measurements, the motor
drive was cooled with a fan and the temperature of inverter
and motor was controlled to not exceed 30◦C, when the
ambient temperature was 25◦C.
In order to exclude the impact of inverter dead-time on

the results, the dead-time compensation algorithm with direct
modification of the compare values was involved.

A. TRANSIENTS
In order to demonstrate the mechanical and electrical tran-
sients which occur at injection of DC current, several experi-
ments were conducted. In the first experiment, the rotor was
manually unaligned with a stator field produced by injected
DC current. After that, the commanded current was set to 2 A
and current waveform was recorded and demonstrated in
Fig. 9. It can be clearly seen that rotor oscillations induced
back-EMF in motor windings, and distorted the current. This
mechanical transient lasted about 30 ms, thus, this value
must be considered for delay of measurements, after the first
current level was commanded. However, there is no need in
the usage of such delays, if an algorithm for the detection of
end of current transient is involved.

The second experiment illustrates electrical transient,
when the new current level was commanded. In order to
exclude the impact of rotating rotor, it was initially set along
the direction of stator field by short injection of the DC
current. After that, the commanded current was set to 2 A and
current waveform was recorded and demonstrated in Fig. 10.
It should be noted that motor drive parameters are initially
unknown and only their ranges are specified in the estimation
algorithm. Therefore, in order to guarantee stability of opera-
tion, the gains of stator current controllers were calculated
for the lowest possible motor parameters. As a result, the
transients are slow and have aperiodic character, which can
be clearly seen in Fig. 10. This electrical transient lasted
about 3 ms, thus, this value must be considered for delay
of measurements after a new current level was commanded.

FIGURE 11. Mean voltage with deviation at different number of samples.

TABLE 2. Voltage measurement.

However, there is no need in the usage of such delays, if an
algorithm for the detection of end of current transient is
involved.

B. NUMBER OF SAMPLES
In order to find the optimal numbers of samples N for aver-
aging of each measuring signal, a series of experiments has
been carried out. In these experiments, the rated current of 3
A was commanded and after end of transient, the voltage
was measured and averaged over N points. Considering that
N is used in divider, it was selected as a power of two, for
substitution of the division with shift.

Taking into account that the measured voltage has sig-
nificantly higher noise to signal ratio than the current, only
this signal was used for the evaluation of measurements. The
voltage measurements for each number of samples N was
repeated five times and then the voltage mean value and its
standard deviation were calculated. These results were put in
Table 2 and illustrated by Fig. 11.

It can be clearly seen that the optimal number of data
points for averaging is equal to 512 or 1024, which signifi-
cantly decreases voltage deviation. The further this number
increases, it significantly increases the measurement time,
while the decrease of deviation is marginal. Taking into
account results of these experiments, the sampling number
N for next tests was selected as 1024.

C. CURRENT LEVELS
In order to check the impact of current levels and their number
on the measurement results, a series of experiments were
carried out. Initially, a detailed current-voltage characteristic
of the motor drive was obtained, Fig. 12. The current was
commanded in the range of 0 ∼ 3 A with a step of 0.25 A,
however considering that low-current region (0 ∼ 0.5 A) is
nonlinear, the distance between points there was decreased
to 0.1 A to provide more details. The current and voltage
measurements in each selected point were performed five
times and then the mean values of those signals were used
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FIGURE 12. Current-voltage graph of the motor drive.

FIGURE 13. Mean stator estimated resistance with deviation.

TABLE 3. Resistance and inverter voltage drop.

for plotting. The data obtained, excluding the greyed region
(0 ∼ 0.5 A) due to nonlinearities, were approximated using
LSM with a first order polynomial.

The data in Fig. 12 demonstrates that the errors at low-
currents are significantly higher than the errors at higher cur-
rents, thus it is preferable not to use low-current region. As a
result, the lowest injection level of DC current was selected
as 0.5 A, while the highest injection level was set to the rated
current of 3 A. In the next experiments, the various numbers
of the injected current levels were checked and the stator
resistance and voltage drop across inverter switches were
estimated. The experiment for each number of levels was
repeated five times andmean values with deviations were cal-
culated. The results obtained in these experiments are shown
in Table 3 and demonstrated in Fig. 13 and Fig. 14. In order to
illustrate operation of the proposed method, the oscillogram
of the phase current for 3-level injection is demonstrated in
Fig. 15.

It can be clearly seen that the increase in the number of
injected levels results in significant increase of the precision

FIGURE 14. Mean estimated inverter voltage drop with deviation.

FIGURE 15. Injection of three current levels.

of estimation results, only until 3∼ 4 levels and after that, the
measurement error decreases insignificantly. Therefore, it is
recommended to inject 3 ∼ 4 levels of DC current, which is
the compromise between precision and estimation speed.

In order to compare performance of the proposed method
with the competitive algorithms, a number of experiments
has been carried out and the results were put in Table 4.
As it clearly seen, the proposed method is not the fastest
one, however provides acceptable tolerance together with
simplicity, which makes it the most convenient solution for
low-cost motor drives.

VII. DISCUSSION
The most important advantage of the developed algorithm is
its simplicity and ease in tuning and implementation. Further-
more, it should be noted that proper current control provides
stable injected DC currents, which average values are equal
to the commanded current levels, and therefore, the measured
currents may be substituted with the reference values, which
simplifies calculations. If the K commanded current levels
are distributed evenly between the first I1 and the last Ik
levels, the matrix elements in (7) can be pre-calculated. The
i-th level of the injected current is:

Ii = I1 +
Ik − I1
K − 1

i, i = 0, 1, . . . , K − 1, (11)

therefore (7) transforms into:

a00 = K ;

a10 = a01 =

K−1∑
i=0

(
I1 +

Ik − I1
K − 1

i
)

=
Ik + I1

2
K
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TABLE 4. Comparison of various resistance estimation offline methods.

a11 =

K−1∑
i=0

I2i =

K−1∑
i=0

(
I1 +

Ik − I1
K − 1

i
)2

=

K−1∑
i=0

(
I21 +

2I1 (Ik − I1)
K − 1

i+
(Ik − I1)2

(K − 1)2
i2
)

=

[
K−1∑
i=0

i2 =
K (K − 1) (2K − 1)

6

]

= KI21 + KI1 (Ik − I1)+
(Ik − I1)2

(K − 1)2
K (K − 1) (2K − 1)

6

= I1IkK +
(Ik − I1)2 K (2K − 1)

6 (K − 1)
, (12)

After that, the inverse matrix A−1 may also be easily
calculated, which significantly simplifies online calculations.

At the same time, the proposed technique contains some
traps and pitfalls, which must be carefully considered.

Injection of DC currents causes electrical and mechanical
transients which may distort measurements, thus the time
of transients must be excluded from measurements. It can
be done using one of the proposed methods or involving
new one. It should be noted, that the mechanical transients
typically last ten times longer than the electrical transients,
however they happen only at the first injection of a DC
current, when the rotor might be unaligned.

The experimental results demonstrated that the selection
of proper parameters significantly decreases measurement
errors and improves stability of the estimations. Therefore,
the developing drive should be carefully tested and the best
combination of algorithm’s parameters should be selected.

The inverter demonstrates non-linear behavior in the low-
current region, however the model was obtained under
assumption that the system is linear. Therefore, non-
linear region should be identified and excluded from the
measurements.

The rise in the number of injected levels of DC current
increases precision of the estimation, however significant
increase of these numbers is meaningless, because it enlarges
estimation time and provides marginal improvements in qual-
ity. Practically, 3 – 4 injected levels are enough.

The same rule applies to the number of samples, which is
used for averaging of the measured values. The higher this
number, the lower the error. However, starting from some
values, the error decrease is insignificant, and therefore it is
meaningless to select higher numbers.

The developed technique injects DC currents and does not
operate in transients, therefore it can work with motors of

various types. Despite the fact that the most popular three
phase star connected motor was used in this research, this
approach can be easily extended to motors of other config-
urations, e.g., delta connected, open-end motors, etc.

The impact of the proposed algorithm on the system is
negligible and mainly results in insignificant heating.

VIII. CONCLUSION
This manuscript proposes a novel offline algorithm for mea-
surement of motor phase resistance and voltage drop across
inverter switches. In order to estimate these values, the devel-
oped technique consequently injects DC currents of various
levels into the stator windings. After that, the data obtained at
measurements is approximated with a first order polynomial
using LSM, where gain of polynomial is the total stator
resistance and its offset is equal to voltage drop. The main
originality of the proposed method is usage of multi-level
injection of current signals, which provide excessive data for
calculation. Excessiveness of the data allows usage of the
LSM, which increases the tolerance of curve fitting and hence
decrease the error of parameters estimation.

The proposed algorithm was tuned, implemented and
checked using commercial motor drives for dishwashers,
however this technique may be used without serious modi-
fications with motors of other types. Furthermore, its usage
area is not limited to motors with three phase star-connected
windings, and the proposed algorithm can be adapted for
motors of other topologies.

In order to collect statistics for analysis and provide rec-
ommendation on the selection of parameters, a substantial
number of experiments has been conducted. Based on these
data, the authors suggested parameters for the measurement
procedure, experimentally defined the optimal number of
samples in each measurement and evaluated impact of the
number of injection levels on the precision of the measure-
ment results. They also considered some traps and pitfalls and
suggested measures to avoid them. Finally, they proposed an
optimization technique with precalculation of LSM matrix,
which significantly simplifies calculations.

The proposed technique was highly evaluated and has been
accepted for usage as a part of control systems of motor drives
in mass-produced dishwashers.
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