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Abstract

This article investigates a sensorless indirect rotor flux orientation control (IRFOC) for induction motors based on stator
resistance and slip angular speed deviation. An estimation method of rotor flux and speed based only on stator three-phase
current and voltage measurements is proposed. An adaptive approximation method of voltage model and current model with
stator voltage compensation method is considered to estimate the rotor flux and to accurately locate the flux angle in the
case of stator resistance deviation. In addition, the stator current deviation due to the slip angle speed deviation is taken into
account in the speed estimation, and the rotor speed indirect estimator (RSIE) is designed, which can adjust the slip angle
speed in real time according to the changes of current and flux to reduce the dependence on the accurate model and parameters.
Alternatively, Simulink simulation is utilized to verify the practicality and reliability of the proposed induction motor rotor flux

and speed estimator method.
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Abstract

This article investigates a sensorless indirect rotor flux orientation control (IRFOC) for in-
duction motors based on stator resistance and slip angular speed deviation. An estimation
method of rotor flux and speed based only on stator three-phase current and voltage mea-
surements is proposed. An adaptive approximation method of voltage model and current
model with stator voltage compensation method is considered to estimate the rotor flux and
to accurately locate the flux angle in the case of stator resistance deviation. In addition,
the stator current deviation due to the slip angle speed deviation is taken into account in
the speed estimation, and the rotor speed indirect estimator (RSIE) is designed, which can
adjust the slip angle speed in real time according to the changes of current and flux to reduce
the dependence on the accurate model and parameters. Alternatively, Simulink simulation
is utilized to verify the practicality and reliability of the proposed induction motor rotor flux
and speed estimator method.

Keywords: sensorless control, induction motor, stator resistance deviation, flux and speed
estimators.

1. Introduction

The flux orientation control (FOC), also known as vector control, is universally employed
in speed regulation or torque control for induction motors [1]-[8]. As with DC motors, speed
control of induction motors is an operational requirement placed on motors by production
machinery to improve productivity and product quality, conserve energy, and improve service
quality. FOC controls the speed or torque of an induction motor by controlling the stator
current space vector. It accurately controls the magnitude and direction of the flux, resulting
in a motor with smooth torque, low noise, high efficiency, and high-speed dynamic response.
Due to the obvious advantages of FOC, it has been gradually replacing the traditional
control methods in many applications, and has attracted much attention in the motion
control industry [9]-[15]. FOC techniques can be divided into two categories: direct and

*Corresponding author, Email: 1124530496@Qqq.com
Preprint submitted to International Journal of Robust and Nonlinear Control October 8, 2023



indirect flux orientation control schemes. For the direct FOC method, the stator end is used
to obtain the flux vector, while the indirect control method uses the motor slip frequency to
realize the flux orientation. However, the performance of FOC for induction motors directly
affects the performance of current control. Therefore, how to accurately locate the flux angle
of an induction motor is crucial for controlling the rotor speed.

Induction motor traction drive systems require high performance controllers for fast
transient response and smooth operation. A typical motor control system is to transform
a nonlinear system into a linear system, which can realize the complete decoupling of rotor
speed and flux [16]-[18]. This method can regulate both speed and flux simultaneously
without neglecting the nonlinear dynamics of speed and flux coupling. Based on this method,
a series of methods for speed control of induction motors have been proposed, such as the
model linearization process [19],[20], which can fully linearize the flux and the rotational
speed in order to decouple their dynamics. and nonlinear model predictive control to solve
the optimal control problem [21]-[26]. The main drawback of linearized control methods is
the need for a detailed system model and precise model parameters. In practice, the complex
and variable system operating environment makes it difficult to accurately obtain the motor
parameters, such as the time-varying rotor and stator resistances [18],[27],[28]. This greatly
reduces the robustness and reliability of linear control methods. To address this problem,
researchers have developed disturbance estimation and compensation methods based on
nonlinear adaptive control [29]. These methods perform online estimation and compensation
of a centralized disturbance term containing nonlinear parts, external disturbances and
parameter variations. Therefore, its performance does not depend on the accuracy of the
IM model. In addition, there are online parameter estimation techniques [30]-[32] that
compensate for stator voltage variations by estimating the resistive voltage drop from the
stator temperature. In recent work, it can be found that the problem of accurately obtaining
the parameters of the motor has aroused intense discussions among many scholars.

On the other hand, all high-performance vector-controlled induction motor drives require
precise speed or rotor position information for feedback control. This information is provided
by incremental encoders, and the use of such sensors means more electronics, higher costs,
and much lower overall system reliability. In some cases, it is difficult to install, such as
for motor drives in harsh environments and at high speeds, which undoubtedly increases
weight, size and electrical sensitivity. In order to overcome these problems, a lot of research
has been done in recent years on speed estimation for sensorless control. For example,
in the literatures [29] and [33], a nonlinear adaptive controller without speed sensors is
proposed to simultaneously estimate the speed, rotor flux phase by utilizing a third-order
extended state observer. In literature [34], an integral sliding mode control method based on
a nonlinear model of the rotor counter electromotive force is used to achieve sensorless FOC
flux angle positioning of the motor under rotating conditions. A predictive current delay
compensation control algorithm is proposed in literature [35], which introduces the concept
of virtual voltage vector to provide more accurate flux as well as phase angle for the motor
without increasing the computational complexity of the processor. In summary, it can be
seen that the core of FOC is the indirect calculation or estimation of the rotor flux and the
precise positioning of the rotor flux angle. Among them, the precise positioning of the flux
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angle is the key factor. In order to realize the accurate positioning of the flux angle, common
methods include phase-locked loop and PI tracking control. For example, in the literatures
[36]-[38], a third-order PLL with a steady-state linear Kalman filter is utilized to track
the flux angle without deviation to achieve dynamic adjustment to harmonic disturbances
and parameter changes. In order to solve the problem of accurate positioning of the flux
angle, it is necessary to propose a sensorless speed FOC control strategy to ensure accurate
positioning of the flux angle as well as bias-free following of the rotor speed.

In the aforementioned literature, the authors mostly focus on decoupling the rotor flux
and speed as well as speed estimation design methods to reduce nonlinearities and coupling
and improve system reliability. However, the most existing flux and speed estimators are
usually designed as complementary and compatible conditions for open-loop system sta-
bility. It means that the flux estimator and speed estimator are designed independently.
More significantly, the complexity of the motor operating environment leads to parameter
deviation. That is, if the parameter variations are not taken into account in time, accurate
positioning of the flux angle and precise control of the speed are meaningless because the
motor parameters cannot be accurately acquired. However, up to now, the above problems
have not been adequately addressed yet.

Motivated by the above literature reviews, this article further investigates an indirect
rotor flux orientation control induction motor system with a hybrid adaptive approximate
estimator for rotor flux and a rotor speed indirect estimator. The main contributions of this
work are summarized as follows:

e 1) Different with the most existing literatures, an adaptive approximation method
is mainly proposed by only utilizing voltage and current measurements to evaluate
the rotor flux. At the same time, the stator resistance parameter deviation is also
considered, and the stator voltage compensation method is used to compensate for the
resistance voltage drop caused by the resistance deviation.

e 2) A speed sensorless indirect estimator is designed to estimate the rotor speed by
indirectly calculating the flux angle and estimating the slip angular speed. Using the
rotor speed estimated by RSIE to compensate for the deviation value of slip angular
speed, in order to reduce the dependence on accurate models and parameters, and
improve the robustness of FOC control methods.

Nomenclature

Usd, Usq d, g-axis stator voltage components. L, Mutual inductance.
isd,tsg d,g-axis stator current components. np Number of pole pairs.
Dsdy Psq d, g-axis stator flux components. J Moment of inertia.
Ords Prq d, g-axis rotor flux components. fo Friction constant.
ws, w, Synchronous and rotor angular speed. T Rotor time constant.
R, R, Stator and rotor resistance. Wl Slip angular speed.
L, L, Stator and rotor self-inductance. T, Electromagnetic torque.



Kp Proportional gain of stator voltage Ty Load torque.
compensator. A Estimated value.
K; Integral gain of stator voltage * Reference value.
compensator. A Deviation value.

The remainder of the paper is organized as follows. Section 2 gives a detailed dynamic
model of the induction motor in the d-q frame. The sensorless speed control scheme is
described in Section 3. Section 4 gives a simulation example. Conclusion remarks are
outlined in Section 5.

2. Rotor flux orientation control model

The dynamic model of an asynchronous motor can be represented by the common d-
axis and g-axis components in a synchronous rotating frame. Usually, the cage motor is
considered, and its internal rotor is in a short-circuit state. A typical flux dynamic of
asynchronous motor can be described as the following [29]-[38]:

( d R )
Pad = _Rslsd + WsPsq + Usq
dt
dps ,
ﬂ = _Rslsq — WsPsd + Usq
Prd - _Rrird + WslPrq
dt
dgprd .
" dt - _errd + WslPrq

Fig. 1 shows the block diagram of the proposed sensorless IRFOC flux and speed es-
timators of the induction motor drive system. The control system consists of rotor speed
estimator, improved rotor flux estimator, a RFOC control block, a V/F SVPWM pulse
width modulator and inverter.
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Fig. 1: The control framework of the RFOC for IM

4



The goal of the indirect rotor field-oriented control (RFOC) of an asynchronous motor is
to make the flux and torque control similar to that of the separately excitation DC motor,
where these parameters are controlled independently. In this way, the directional rotor flux
contains the following conditions:

Prd = Pd
{ (2)

gprq:O

Besides, the torque (power invariant transformation) of an induction motor is given as

[3]-[6]:

NypLpy, , . ,
Te - pL—(quQO'rd - stgp'rq) (3)
According to Eq. (1), Eq. (2) and Eq. (3), flux and torque furthermore can be written
as:
L, .
rd — s
Prd s+ 1 d (4)
7, = Mok,
e — Lr Prdlsq
Usually, the motion equations are given as the following equation:
dw,
T, -1, — fow, =J 5
L — fow dt (5)
Ws = Wy + Wy (6)
Then slip angular speed equation is written as:
L, .
wa =~ (7)
TrPrd

3. Sensorless speed control algorithm

3.1. Adaptive approximate estimator for rotor flux

As shown in Fig. 2, in the proposed scheme, an adaptive approximate estimator (AAE)
is employed to obtain an estimate of the rotor flux. AAE can be viewed as the flux estimator
that consists of the voltage model and the current model acting together in combination. It
can be clearly seen that the calculation of the stator flux is crucial for accurately obtaining
the rotor flux. In practice, the performance of the voltage model for flux estimation in the
low-speed region is not ideal due to the presence of the pure integrator and stator resistance
deviation. On the contrary, in the medium and high-speed region, the flux values estimated
by the current model are not satisfactory due to the deviation of the rotor parameter.
Considering this situation, AAE makes full use of the advantages of both models and avoids
their disadvantages to estimate the rotor flux better. Besides, AAE has the advantages of
simple implementation, robustness and acceptable performance.
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Fig. 2: Adaptive approximate estimator for rotor flux

The voltage model of the induction motor in the af-frame is written as follows:
|:90:a:| LsL, — LG |:’i3a:| L, |:<JOZ&:|

v = - 7 ; + v
Sprﬁ Lm 1s8 Lm 9055

Fﬂ_ww—mwﬂ

Peg f (usg — Rysisp)dt

(8)

where 7, is the a-axis component of the rotor flux in the voltage model, ¢;; is the (-axis
component of the rotor flux in the voltage model, and ¢}, is the a-axis component of the
stator flux in the voltage model, ¢?, is the S-axis component of the stator flux in the voltage
model.

From Eq. (8), the stator flux vector Peap 1s estimated as the integral of the voltage drop
in the stator resistance subtracted from the stator voltage vector. It is evident that due to
the presence of pure integrators and stator resistance, the performance of the voltage model
may be affected by DC voltage deviate and changes in stator resistance. Therefore, it is
necessary to discuss the impact of stator resistance deviation on the accurate acquisition of
rotor flux.

In order to correctly select the variables that can identify the stator resistance variations,
a graphical study of the d-axis and g-axis current errors as a function of stator resistance
has been carried out. As can be seen in Fig. 3, the d-axis current error varies approximately
linearly with the stator resistance AR. The g-axis current error remains weak and negligible
compared to the d-axis current error. Therefore, only the d-axis current error is used to
estimate the variation of stator resistance.
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Fig. 3: d-axis and g-axis current error with stator resistance variation

Subsequently, the stator flux equation after stator resistance deviation becomes as fol-

lows:
@ga<t) _ f(usoz - Rsisa + ARSiSQ)dt (9)
@o5(t)| | [ (usp — Ryiss + ARgisp)dl

The stator flux is shifted during the voltage model calculation due to the stator resistance
at low speeds and long-term operation. In addition to this, purely integral terms due to
DC voltage offset and phase errors degrade the accuracy of rotor flux calculations. In
order to avoid such errors, various methods are available to improve the voltage-based flux
observer, commonly low-pass filters, high-pass filters, etc. In this paper, a stator voltage
compensator is designed to greatly improve the bias due to stator resistive voltage drop
and pure integrator. In order to ensure the estimation performance of the rotor flux, a
compensation unit is introduced in the voltage model, represented as:

@ga (t) _ f(usa - Rsisa + ARsisa - ucom,sa)dt
SégB(t) N f(usﬁ - Rsis/o7 + ARsisﬁ - ucom,sﬁ)dt

Accordingly, the stator voltage compensator is designed as follows:
Ucom,sac = KP(SOT;Q - Spia) + KI /(SOZOC - Sp?so)dt
Ucom,sB = KP(%OE,B - 9025,8> + KI /(Spgﬁ - QOZB)dt

where ¢!, is the a-axis component of the stator flux in the current model, and ¢/, is the
[-axis component of the stator flux in the current model.
Then, the stator flux obtained from the current model can be further calculated as

follows: . Lo . ,
|:90Z$a:| _ Hstr T m |:Z.sa} + T [@:a} (1 2)
(105,8 Lr s Lm (107“6



According to the Eq. (12), it is necessary to obtain the rotor flux under the current
model, which is ¢’. Thus, the rotor flux provided by the Eq. (4) in the dg-frame can be
obtained as:

i L .
s
] = e (13
Sorq 0

where ¢!, is the d-axis component of the rotor flux in the current model, and ¢}, is the
g-axis component of the rotor flux in the current model. Due to i,, = 0, according to the
formula @l = Lyirg + Linisg, it can be inferred that ¢!, = 0.

Alternatively, based on the inverse Park transformation, the rotor flux in the a8 coordi-
nate system can be obtained as:

(pfﬂoz _ gpidCOSQ - (pi‘qSine (14)
Oig] | @lgsing + o, cosf

where ¢, is the a-axis component of the rotor flux in the current model, and ¢!, is the
[-axis component of the rotor flux in the current model.
Therefore, the rotor flux estimated using AAE can be obtained as:

pY LyL, — L2 [i L, ¢!
B w
(pr,é’ Lm Lsp Lm (1055

From the above equations (8)-(15), it can be found that the basic idea of the adaptive
approximate estimator for rotor flux is to dominate the voltage model stator flux. The
difference between the voltage model and the current model is controlled by the PI, which
in turn compensates for the voltage model. It is worth noting that IRFE mainly estimates
the stator flux here, and the rotor flux is calculated from the stator flux and stator current,
without directly estimating the rotor flux.

3.2. Rotor speed indirect estimator

In the vector control system of induction motor, the closed-loop control of speed is neces-
sary, which is the guarantee of control stability and control performance. But the additional
speed sensor will not only increase the cost of the system, but also affect the speed mea-
surement accuracy if the sensor is installed improperly [39]-[42]. Moreover, the installation
of the sensor will increase the axial volume of the motor, it brings some difficulties to the
daily maintenance of the motor, and the speed sensor will reduce the mechanical robustness
of the motor, and the precision of the sensor will be affected in the high temperature and
high humidity environment. Based on these shortcomings, in order to overcome the above
problems, this paper studies the speed sensorless vector control method. The structural
diagram of the rotor speed estimator is shown in Figure 4.
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Fig. 4: Rotor speed indirect estimator

3.2.1. Rotor flux angle calculation

The slip angular speed wy is added to the estimated rotor speed w, to generate rotor
synchronous angular speed wy,which means w, = wg + @,.

Subsequently, if the discrete derivative calculation is performed on the rotor flux angle
6, the rotor synchronous angular speed wy can be given by

_
o dt

The position € is used in the d-q transformation and the V/F PWM inverter blocks to
calculate the d-q axis current and the SVPWM pattern, respectively. Therefore, it is evident
that the rotor flux angle # and slip angular speed wg have to be estimated to obtain the
rotor speed.

For clarity, the rotor flux angle is calculated from the voltage model component of the
rotor flux, and the vector of the rotor flux angle is given as follows:

0 =tan~! (%Zﬁ> (17)

ro

(16)

Ws

Thus, substituting the estimated value of Eq. 15 into Eq. 17 allows for the calculation
of the space vector value of the rotor flux angle . Finally, substituting the calculated value
of Eq. 17 into Eq. 16 can obtain the rotor synchronous angular speed.

3.2.2. Ship angular speed estimation

Due to the effects of unexpected road variation, such as uneven road surfaces, roadbed
drops, road gradients, etc., the slip angular speed is actually changed along with the road.
From Eq. 7, it can be found that under the condition that the rotor flux is kept balanced and
unchanged, the slip angular speed varies linearly with the change of stator g-axis current.
In order to verify the above linear change, the change rule of stator current error with the
error of slip angular speed is investigated by graphical method [18], as shown in Fig. 5.
From the figure, it can be seen that the change of g-axis current error with the slip angular
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speed error is almost linear, while the d-axis current error is weak and negligible relative to
the g-axis change.

2.0
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Fig. 5: d-axis and g-axis current error with slip angular speed variation

Alternatively, it can be seen that the stator g-axis current has to be obtained in order to
obtain the slip angular speed from Eq. 7. There are two ways to obtain the g-axis current:
the torque T, or the slip angular speed wy. In fact, T, = gpfdwsl, the electromagnetic torque
T, and the slip angular speed wy; are actually the same thing. It is clear that how to obtain
the electromagnetic torque 7, and the rotor flux ¢, is the core content of RFOC. There are
many methods in other literature [18],[33]-[35] that can estimate the slip angular speed wy.

As a consequence, it is necessary to design a dynamic speed estimator because the stator
g-axis current will deviate with the deviation of the slip angular speed. The calculation
of the slip angular speed can be adjusted according to the change of stator current, which
can effectively reduce the stator current error caused by the slip speed deviation. The
dynamic speed estimator is derived based on the dynamic Park equation of the motor, and
the expression for the slip angular speed is obtained from the mathematical equations of
the electromagnetic relationship and rotor speed definition of the motor. The derivation
method is based on the closed-loop estimation of the flux and the open-loop calculation of
the speed.

Accordingly, the rotor flux is estimated from the current model, and the slip angular
speed can be estimated by the following equation:

1 L, , . .
(901 )2 T (907“0425/3_907«/87/801) (18)

Wg ~

where o] 5 = 1/ (0fa)? + (#}5)2.
In light of the above, according to the equation w, = wg + w,, the rotor speed @, is
estimated as follows:
do 1 L,
wT:ws_wsl:__i—
dt ((,07470[5)2 T,
10

(@iaiSﬁ - @iﬁisa) (19)



Remark 1: In the rotor speed based indirect estimator RSIE, the rotor speed can be
obtained from the algebraic operation of the motor equations of motion. In the equations
of motion, the synchronous speed is obtained from the differential calculation of the flux
angle, while the flux angle localization is precisely obtained from the rotor flux voltage
model calculation. In addition, the acquisition of the slip angular speed is the key step.
Due to the deviation of the slip angular speed, the stator g-axis current is caused to be
deviated consequently. Thus, in order to compensate for the deviation value of the slip
angular speed, PI tracking control is used in the calculation to adjust the size of the slip
angular speed in time with the current change. As a result, the dynamic calculation of the
slip angular speed promptly eliminates the problem of parameter deviation. In the whole
estimator design process, the algebraic calculation of the data information in two different
loops greatly increases the tolerance and robustness of the speed estimator.

3.3. Performance analysis of control schemes

3.3.1. Stability under stator resistance deviation

The voltage equation and current equation of the stator flux can be obtained from for-
mulas (8) and (12), respectively. It is obvious that the voltage equation is suitable for
high-frequency use, and the current equation is suitable for low-frequency use. To achieve
adaptive control of the flux based on frequency, this article proposes a hybrid adaptive ap-
proximation method, as shown in Figure 2. In this way, the closed-loop transfer function is
obtained as follows:

82 v i KpS—'—KI
SQ—FKPS—FK[SOS’QB s2+ Kps+ K;

Ps = %,aﬁ (20)

It is known that Laplace’s plural variable s = jw, the stator voltage usq, uss and current
isa, tsp Used to generate the stator flux are rotated at the synchronous angular speed of the
power supply ws = 27 f,. Since the voltage and current of the stator are changing from low
to high frequency, that is, low frequency starting and high frequency speed regulation, the
obtained stator flux ¢ and cpiﬁ are all quantities that vary with frequency. It can be seen
that in the above PI control scheme, 1) low-frequency current-type flux, gpi’aﬁ in action, 2)
high-frequency voltage flux, ¢ ,5 in action.

From the above equation (9), when there is a deviation in the stator resistance, the

ARsisaﬁ(S).

deviation of the stator flux is Ap; r, =

52 -+ KPS -+ K[
Given that i4,(s) and iss(s) are always orthogonal, there must be:
. Wl
isalt) = tssin(wsgt) fsa(s) =1 52 + w?
isp(t) = iscos(wst) iop(s) = i s
8,8 - Us 82 + wg
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Thus, it is possible to obtain:

S S

A sa — ARS .s—
1 s2 4+ Kps+ K; 232+w§
A i ARyi—2 2
(’Osﬁ_sz—kas—l—KI 52552+w§
From here, the error of steady state is as follows
Apsaess = lim sApg, =0
s—0 (23)

Agpsﬁ,ess = £1_I>I(l) SAgpsﬁ =0

Therefore, it is obvious that the desired control effect of vector control can be well
achieved by using stator flux PI control with the stator resistance deviation.

3.8.2. Stability under slip angular speed deviation

From Fig. 5 and Eq. (7), it is not difficult to observe that when the slip angular speed is
deviated, the stator g-axis current is also deviated. The deviation of the stator current will
inevitably lead to the deviation of the stator flux. Adopting the same PI adaptive control
method, the transfer function remains as Eq. (20). When the slip angular speed deviates,
the stator flux equation becomes:

{@Ea} - {f (Usa — Ryisa + U, )dt (24)
Pha) [T s = By

The transfer function becomes the following equation:

82 1 KPS + K[ :
v = i 25
) + KPS + KI ((Ps,aﬁ + SUA sl) + 52 + KPS + KI (ps,aﬁ ( )

(pszwsl =

Thus, the deviation of the flux becomes:

52 1 s

A s — Ws T Wswg — —UAw, = UAw 26
90 90 Sp7sl 82+KPS+KISASI 32+KPS+K]ASZ ( )
Accordingly, the steady state error can be obtained as:
. . 5” - Unwy ()
Actps,ess = ll_I}(l) SASOS = ll_I}é 2 + Kps + KIqusl(S) - ll_I}é TI (27)

Therefore, it can be known that when the slip angular speed deviates, it directly leads
to the deviation of the stator flux, and the RFOC effect is bound to deteriorate. Change
S

method: add another first-order integral to make the deviation amount Aps =

1
—UAy,,, Tesulting in a steady state error of zero. In other words, it is necessary to add an-

82+KPS+K]

other integral control after the stator voltage PI control to eliminate the slip angular speed
deviation.
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3.3.3. Stability under PI control

When the states i54 and 75, of the motor system can be obtained directly, as well as the
state w, of the mechanical system can be estimated, the objectives to be controlled are: 1)
the estimated rotor speed w, arrives at its reference value w’; 2) the estimated rotor flux ¢,4
arrives at its reference value ¢},. From Eq. (3), it can be seen that if the electromagnetic
torque can be changed to Eq. (4) by controlling the rotor flux ¢,, to be 0. Assuming the

given current reference values of 7%, and i}, equations (1-4) can be combined to obtain:

anm N fv TL
SOTdqu - 7

d [, JL Jo
Z | = 28
dt |:<P7‘d:| ﬁr@d—l—RT ml* ( )
L7 L,
. . . . ok Lr X 1 A~
The above system equation (24) gives a direct correlation %, = T Prd + T Prd

between the flux ¢,4 and the current %;. Obviously, the current ¢, can be controlled by
controlling the flux ¢,4, but before that, a premise needs to be solved: controlling the flux

©rq 18 0. It is already known that ¢* = /2, + @2, and it is evident that if $,q can be

controlled to reach the ¢7,, that is, if the nominal flux ¢* is all projected onto the d-axis,
¢rq = 0 can naturally be guarantee. Comprehensively, it can be seen that the current i},
can be reached with the following PI control:

. . b L. ., 1
ity = Kp,(p _%d)Jer/ (" — Qra(s))ds + TN +—L © (29)
0 T~m m

Among them, Kp, and K, represent the proportional and integral gains, respectively. The

meaning of the control equation (25) is that the deviation ¢* — ¢4 tends towards 0 through
t

PI control. When the deviation ¢* —¢,4 is not 0, the first half Kp,(¢* —@rq) + Ko, / (p*—

0
ra(s))ds acts to drive the deviation value ¢* — @, to be 0 eventually; and when the deviation

reaches 0, the latter half

T

1
©" + —¢" acts to reach the estimated flux ¢,4 and current
R.L,,

L,

144 are all nominal.
Defining the deviation e, = ¢™ — .4, the control equation (25) is brought into equation
(24) to obtain:

. RT RT‘L'I’I’L ¢
by = —L—(l + L, Kpy)e, — 7 KI@/ ey (s)ds (30)
r r 0
ft e, (s)ds : : .
Define the vector x,(t) = |70 e“’ (t) to obtain the equation of state:
©
Xo(t) = Apxp(t) (31)
0 1
= L
where Agp —RTL mKI@ —%(1 + LmKPi.O)

It can be seen that changing the parameters Kp, and Kj, can make A, a Hurwitz
matrix, and the system (27) must be stabilized, which can realize the flux adaptive control.
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4. Simulation results

In MATLAB/Simulink environment, the performance of the induction motor based on
the speed sensorless vector controller is verified by using the motor parameters shown in
Appendix Table 1. The performance of an induction motor based on a sensorless indirect
rotor flux orientation control (IRFOC) is verified in the MATLAB/Simulink environment,
and the system simulation model is shown in Fig. 6. The motor parameters used in the
simulation process are shown in Table 1.

Discrete
2e-06s.
Id Id
[Vab] [ alpha beta abc [«
D—’ 2 v
dq P dg Va4 J
@—} wm_est & g Forward Clark1
' alpha beta —L Vg3 l—n * Vabc
* Ap—dA
wm alpha beta o abe ol Tm
Theta 9 pc *
F (7l V)1 Bp—=aB a A
Vg5 d- m
b B
Reverse Park Cp—dC
wm* Vg2 c c
Space Vector PWM —L_ Three Phase
- Inverter1 Induction Motor
[Vab] 50 HP /460 V1
Is_alppha_beta [lab]
Id alpha beta Ll o
Phir_alpha_betaVs_alpha_beta

[w_est] Y@ w_est  phir_alpha_beta
> ‘ 5

Theta

alpha beta abc |

[Theta] Iq
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Theta Is_alpha_beta Forward Clark
[lab] Forward Park
(Theta]

Flux Estimator

Rk

Speed Estimator

Fig. 6: System simulation model

Table 1: Motor parameters

Specification Parameters
Rated power 37.3kw | Ry 0.28792
Rated voltage 460V R, 0.2280
Rated frequency 50H z Ly 0.0348H
Number of pole pairs 2 L, 0.0355H
Rated speed 15007 /min | Ly, 0.0347TH

Sampling time 2¢ — 6 J | 0.662kg.m?

f [0.1Nm.s.rad="

In order to validate the improved rotor flux estimator based on stator resistance devia-
tion and the rotor speed estimator based on slip angular speed deviation proposed in this
article, a RFOC for a sensorless IM drive is constructed using MATLAB/Simulink and the
validity and feasibility of the methodology is verified. Extensive simulation results are pro-
vided, especially in using the novel estimator to control very low rotor speed with multiple
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consecutive accelerations and decelerations to simulate the simulation of a real control sys-
tem. The RFOC scheme uses the estimated speed signals as the speed control loop instead
of the measured rotor speed. The coordinate system transformation of the d-axis and g-axis
is realized using the rotor flux angle estimated by the estimator. Sensorless drive operation
at very low speeds and continuous variable speeds is considered to be a major problem for
state-of-the-art estimators.

4.1. Sensorless speed tracking performance test

This test aims to verify the effective estimation ability of the speed sensorless RFOC
based on the stator resistance deviation and the slip angular speed deviation mechanisms.
The comparison of the operating curves of the estimated speed against the reference speed
is shown in Fig. 7. The results show that the actual motor speed has good tracking
performance for the reference speed in the range of 0-100rad/s. In Fig. 7(a), the effectiveness
and robustness of the proposed speed sensor-less vector control can be seen from the motor
speed operating curve. In Fig. 7(b), the comparison error between the estimated speed and
the reference speed shows that the speed change is significant in a large range compared
to a small range. In addition, from Fig. 7(b), it can be seen that the estimated speed can
be tracked to the reference speed in a very short time by the estimation of the rotor speed
estimator when the actual speed has a large error from the reference speed.

100 ) ) — Reference speed ! ' ' ' [=speed error
Reference speed

— Estimated speed 3l

80F 30 = ] -
2 3

60 29.5| ’ | .

24 26/ 28

Estimated speed L k
of (1 b Y

20t

Fig. 7: Sensorless speed tracking performance test. (a) Estimated speed and Reference speed (b)
Speed error between reference speed and estimated speed

4.2. Sensitivity to the parameter variation test

In induction motor systems, the stator resistance is usually variable and uncertain be-
cause it varies with temperature and humidity during operation, especially in the motor
windings [18],[27],[28]. In Fig. 8(a), the trajectory of the rotor speed is verified for different
deviation of the stator resistance. The results show that the speed estimator performs the
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same dynamic response when the stator resistance is deviate from its normal value by a
constant mismatch value. Mismatch values with stator resistance deviations up to 50 are
tested, and as can be seen from the plots, the speed estimation performance has been de-
graded with no significant change in the steady state. Obviously, it can also be found from
Table 2a that the maximum value of speed error is 8.89 and the maximum mean absolute
error is 6.9314. Both the curve in the figure and the data in the table indicate the effec-
tiveness and feasibility of the stator voltage compensator. Therefore, in the case of stator
resistance deviation, the stability and dynamic response performance of the speed estimator
is still not affected as long as the stator voltage compensator is used.
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Fig. 8: Simulink result of parameter variation sensitivity testing under (a) the stator resistance
deviation (b) the slip angular speed deviation

Table 2a: Stator resistance deviation test
AR, |Maximum error | Mean absolute error

10% 3.01 0.84889
20% 5.42 2.1519
30% 7.95 3.2294
50% 8.89 6.9314

Table 2b: Slip angular speed deviation test
Awg | Maximum error | Mean absolute error

1% 38.12 10.9475
2% 41.34 16.3741
4% 49.07 38.9976
6% 51.93 43.2658

The slip angular speed is not obtained by direct measurement, but is estimated by PI
controlling the error between the voltage model and current model of the rotor flux. There-
fore, the estimation of the rotor speed is inevitably deviate. In Fig. 8(b), the trajectories
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of rotor speed change are verified under different deviations of the slip angular speed. The
results show that the rotor speed follows the reference speed well when the slip angular
speed is deviated within a small range. However, the speed estimator is very sensitive to
the deviation of the slip angular speed, which degrades the estimation performance in a
slightly larger range. When the deviation of the test slip angular speed mismatch exceeds 6,
the performance of the rotor speed estimator decreases dramatically and even destabilizes,
which seriously affects the control performance of the system. From Table 2b, it will also
be found that the maximum error of rotor speed reaches 51.93, and the maximum value of
the average absolute error is 43.2658. Therefore, both the curve in the figure and the data
in the table indicate that the slip angular speed mismatch can only occur in a very small
range, or else it will affect the stability of the rotor speed estimator.

4.83. Speed tracking under zero load torque
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Fig. 9: Simulink results of IM speed tracking under zero load torque (a) Rotor speed (b) Improved

(d)

and unimproved rotor flux (c) Stator current and Electromagnetic Torque (d) Stator current
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Fig. 9(a) shows the results of the comparison between the estimated and reference
speeds, and Fig. 9(b) shows the improved and unimproved d-axis estimated rotor flux, which
responds to changes in speed. The d, g-axis components of the rotor flux are estimated from
the induction motor rotor voltage model in the d, q coordinate system. The simulation
results of the stator phase current measured by the sensor are given in Fig. 9(c). Fig. 9(d)
shows the simulation results of the g-axis stator current and electromagnetic torque. All
these simulation results are obtained for an induction motor system without speed sensors
and load torque control, with a speed adjustment of 0-100r/min.

Some simulation results of sensorless speed control with speed control commands up to
100r/min are given in Fig. 9. In particular, very satisfactory performances of the induction
motor have been achieved under the condition of applied load torque. The simulation results
of motor speed, rotor flux, stator current and electromagnetic torque are given and the results
are all in close agreement. Since the motor parameters are calculated based on the rated
data, parameter shifts can lead to inaccurate calculation results. From Figures 9(a) and
9(b), it can be seen that the estimated rotor speed and rotor flux d-axis component errors
occur for sudden changes in speed. It is clearly seen that the errors in the estimates of rotor
speed and flux do not exceed 7% and 4%. The causes of this error have been analyzed and
studied in the paper and are mainly due to parameter offsets and pure integration circuits.
In order to avoid this situation, it is noticed from Fig. 9(b) that the estimation error of the
rotor flux can be effectively reduced according to the stator voltage compensator algorithm.

It is worth to mention that the rotor resistance is considered constant. However, a similar
phenomenon can also be found in the rotor resistance, which depends on the temperature
and humidity at which the motor is operating. Only simulation studies have been carried out
in the papers [27] and [28] to investigate the effect of the proposed method on the flux and
torque decoupling and optimal control for variations in the rotor time constant parameter.
It is clear that improvements in high-performance sensorless speed control also need to track
changes in rotor resistance.

5. Conclusion

This manuscript investigates the issue of sensorless indirect rotor flux orientation control
for induction motors with high dynamic performance in the presence of stator resistance
deviation and slip angular velocity deviation. A stator voltage compensation method is
proposed to suppress the voltage drop due to resistance deviation and to accurately estimate
the flux as well as the flux angle. Subsequently, a speed estimator is designed to adjust the
slip angular speed online in time to realize the method of online estimation of rotor flux
and speed for induction motors. Simulation results show that the designed flux estimator
has good dynamic performance and the estimated value is very close to the actual signal
with an error of only 4%. In addition, the rotor speed estimator tracks the reference speed
very accurately with an error of only 7%, which validates the effectiveness of the proposed
method. The experimental results are contemplated as the future work. Some issues still
exist, such as how to make the FOC design more robust and to accurately localize the flux
angle in the presence of unknown parameter variations.
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