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Abstract

High performance induction motors (IM) require a robust and reliable
speed controller to maintain the speed tracking performance under various
uncertainties and disturbances. This paper presents a sensorless speed con-
troller for IM based on speed and perturbation estimation and compensation.
By defining a lumped perturbation term to include all unmodeled nonlinear
dynamics and external disturbances, two state and perturbation observers
are designed with combining the model reference adaptive system (MRAS)
based speed observer to estimate the flux and speed states and the flux- and

speed-loop related lumped perturbation terms. The estimated flux, speed
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and perturbation terms are used to design an output feedback, speed sen-
sorless nonlinear adaptive controller (SSNAC) for IM. The stability of the
closed-loop system is addressed in Lyapunov theory. Effectiveness of the
SSNAC is verified via simulation and experiment tests. Comparing with the
standard vector control plus MRAS speed observer (VC-MRAS), the pro-
posed SSNAC reduces the speed tracking error by 20% to 30% on average
under model uncertainties and unknown load disturbance due to the estima-
tion and compensation of perturbation terms. The combined observer can
estimate the real rotor speed under speed varying and load changes and thus
makes SSNAC achieve high performance robust speed drive without using
speed sensors.

Keywords: Perturbation estimation and compensation, nonlinear adaptive
control, speed sensorless control, combined speed and perturbation

observer, induction motor

1. Introduction

Induction motors (IM) have been widely used as the main power force
in industry such as various household products and industrial applications,
and also for the developed electric vehicle such as Tesla, due to their sim-
plistic construction and reliable performance in harsh environment (Hu et al.
(2014)). However, control of IM is a challenge task due to its highly coupled
nonlinear nature, the unmeasurable rotor side variables and flux linkage and
uncertainties from the parameters and the load (Finch and Giaouris (2008)).
At present, the most widely applied control approaches for IM are the vector
control (VC) and direct torque control (DTC) (Rehman and Xu (2011)). The



DTC is a lookup table based control approach that directly adjusts the sta-
tor voltage using space vector technology to avoid the complex coordination
transformation on stator current and therefore results in a rapid response of
torque (Rind et al. (2017); Costa et al. (2019)). The VC, also called field-
oriented control, can successively regulate the magnetic flux amplitude and
the rotor mechanical speed to track their references (Bhowate et al. (2019)).
However, the traditional VC method can only realize the asymptotic input-
output linearisation of the IM system and cannot fully linearise the nonlinear
dynamic of the IM system and the neglected nonlinear coupling can seriously
affect the dynamics of the magnetic flux loop and the speed loop under ex-
ternal disturbances (Marino et al. (1993); Liu et al. (2013)).

IM traction drives require high-performance controllers for fast transient
response as well as energy optimisation. One of the most used control meth-
ods for nonlinear systems is the input-output linearisation control (IOLC) to
achieve complete decoupling of rotor speed and flux linkage. This method
can simultaneously adjust the speed and magnetic flux without ignoring the
coupling nonlinear dynamics between them. Based on this method, some
approaches for IM speed drive have been proposed, such as the adaptive
input-output linearisation control (Marino et al. (1993)), nonlinear precision
feedback linearisation control (Boukas and Habetler (2004)) that can fully
linearise the flux linkage and speed to decouple their dynamics, and nonlinear
model predictive control to solve the optimal control problem (Englert and
Graichen (2020)). The main drawback of IOLC method is that it requires
detailed system models and accurate model parameters. In practical appli-

cations, the system parameters are difficult to obtain accurately, such as the



time-varying rotor /stator resistance (Guzinski and Abu-Rub (2013)). In this
way, the robustness and reliability of the IOLC method are greatly reduced.
In response to this problem, researchers have developed disturbance estima-
tion and compensation methods based nonlinear adaptive control (Jiang et al.
(2004); Chen et al. (2019b,a)). These methods use online estimation and com-
pensation the lumped perturbation term that including the nonlinear parts,
external disturbances, and parameter changes. Thus, its performance does
not depend on the accuracy of the IM model. In addition, there are online
parameter estimation techniques (Proca and Keyhani (2007); Ravi Teja et al.
(2012); Kivanc and Ozturk (2018); Yang et al. (2018); Pyrkin et al. (2019);
Perin et al. (2021)), estimating the rotor resistance via stator temperature to
compensate temperature variation (Sung et al. (2012)), sliding mode control
(Wu et al. (2013); Wang et al. (2018a)), combined sliding mode techniques
with MRAS-type estimator (Tarchata and Ortowska-Kowalska (2018); Ho-
lakooie et al. (2019)), fuzzy control (Suetake et al. (2011); Grabowski et al.
(2000)), and auto-disturbance rejection control (Feng et al. (2004); Li et al.
(2012, 2015)), etc.

On the other hand, the traditional IM speed control is based on speed
feedback from encoder or position sensors. However, due to the reliability of
the sensors as well as the electrical noise of the sensor itself, if the speed is
only obtained from the sensors, the overall reliability of the system will be
reduced, such as the impact of sensor fault (Verrelli et al. (2018)). Therefore,
in addition to installing a speed encoder, it is also considered to use sensorless
control that estimates the rotor speed in high-performance IM and EV ap-
plications (Holtz (2005)). Due to the rapid development of power electronics



technology and digital signal processor performance, the sensorless control
method of IM becomes increasing more feasible. There have been a lot of re-
search results on the speed estimation of sensorless control, such as estimated
rotor position and velocity calculated from stationary frame (Nasiri (2007)),
rotor flux observer based algorithm (Marchesoni et al. (2020)), optimization-
based position sensorless control (Callegaro et al. (2018)), model reference
adaptive system (MRAS) speed observer (Schauder (1992); Ohyama et al.
(2005)), MRAS-fuzzy logic observer (Gadoue et al. (2010)), easy implement
PLL-like sensorless observer (Tilli and Conficoni (2016)), sliding mode tech-
niques based speed observer (Li et al. (2005); Zhang (2013); Zaky et al.
(2018)), extended Kalman filter for speed estimation (Habibullah and Lu
(2015)), artificial neural network speed observer (Sun et al. (2013)), and ap-
proximate high gain observer (Wang et al. (2018b)), etc. The MRAS speed
observer based on rotor flux equations is the most preferable scheme due
to its easy implementation and clear physical meaning (Yang et al. (2018)).
Most MRAS speed observer is using the rated parameters of the IM and
assuming the parameters are constant. To solve this issue, some parameter
estimation approaches have been proposed to deal with unknown constant
or slow-varying parameters (Marino et al. (2005, 2008); Tilli and Conficoni
(2016)). But these algorithms work under the constant or slow-varying speed
conditions which is not quite suitable in EV application. Moreover, the
disturbance observer based control algorithm uses a state observer to esti-
mate the lumped nonlinear terms and disturbances, while the speed observer
estimates the rotor speed. Then it will raise a question that, if the distur-

bance observer based control algorithm is combined with the speed sensorless



method, whether the speed estimator affects the robustness and control per-
formance of the control algorithm. Another question is whether they can be
combined in some way to estimate speed and disturbance at the same time,
thereby reducing the amount of calculation.

In this paper, a speed sensorless nonlinear adaptive controller (SSNAC)
has been proposed to integrate the nonlinear control techniques and tradi-
tional speed estimation techniques to provide a nonlinear sensorless drive
of an IM. The SSNAC is designed using the MRAS speed observer to es-
timate the rotor speed and two state and perturbation observers (SPO) to
estimate the perturbation terms of the flux and speed loop. Moreover, a
combined speed and perturbation observer (CSPO) is proposed to estimate
the speed and perturbation terms simultaneously. It reduced the usage of
a PI regulator in the traditional MRAS speed estimator for the reduction
of computational load. The estimated perturbation term from the CSPO is
used to compensate the real value of speed perturbation in order to reduce
the dependency of accurate model and parameters for improved robustness
of the control method. The stability of closed-loop system that integrates
the nonlinear control techniques and speed estimation with a combined speed
and perturbation observer is proved using Lyapunov theory.

The remainder of this paper is organised as follows. Section 2 presents
the IM dynamic model in the d-q frame. Section 3 presents the design of the
proposed SSNAC controller. The stability proof of the closed-loop system
is presented in Section 4. The effective application of NAC is validated in
simulation and presented in Section 5 and validated experimentally in Section

6. Finally, the paper concludes in Section 7.



2. Model of Induction Motor

A three-phase would-rotor IM can be transformed into rotating frame in
d-q axis via Park transform with the d-axis synchronize with the angle of
rotor flux #,.. Then the dynamic model of an IM can be presented as follows
(Bimal (2002)):

= f(z) + Gu (1)
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where z is the states vector of IM system with five state variables, i5q and

isq are the stator current in d-q frame, 1,q and 1,4 are the rotor flux linkage,
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wm is the mechanical rotor speed. f(z) is the nonlinear function of state
dynamics. Rs, R,, Ls and L, are the resistances and inductances of stator and
rotor; Ly, is the mutual inductance between stator and rotor phase winding;
o =1-— L2 /L,L, is the parameter that indicates the leakage factor. w, is
the synchronous speed of stator current; w, is the rotor speed in electrical
that satisfies w, = Pwy,, P is the pole pairs of IM. J is the rotor inertia and
11, is the load torque which is seen as a disturbance. G is the matrix gain of
system inputs. wu is the control inputs of IM system with two input variables,
Usq and vgq, the stator voltage inputs. The system output is defined in a

vector gy, which is presented as

y=1[ 1l wml (2)

where

Ul = /¥ + VR, (3)

and the rotor currents i,q and 4,q can be expressed as
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3. Speed sensorless nonlinear adaptive controller

This section introduces the design steps of the perturbation observer
based nonlinear adaptive controller (NAC) and combines it with the rotor-
flux based MRAS speed observer to become a speed sensorless control system
for IM. The NAC design uses the input-output linearisation to fully decou-

ple the interaction between the flux linkage and speed subsystems. Then



the system nonlinearities, disturbances, and parameter uncertainties are de-
fined as perturbation terms (Ren et al. (2016)). After that, two state and
perturbation observers (SPOs), one for the flux linkage loop and the other
for the speed loop, are designed to estimate their perturbation terms. The
speed sensorless feedback controller is fed by the speed estimation from the
MRAS speed observer, which uses a PI regulator to eliminate the estimation
error. Moreover, the speed SPO and MRAS speed observer are combined
to a speed and perturbation observer that is able to estimate both the rotor
speed and its perturbation term simultaneously and the usage of PI regulator

in traditional MRAS is then removed.

3.1. Input-output linearisation

In the d — ¢ frame dynamic model of IM in (1), the d-axis is aligned
with the direction of rotor flux. Then it can be assumed that ¢,q = 1, and
g = 0 in steady state (Bimal (2002)).

Differentiate the system output y until the system inputs is separated
with other states, the input-output relationship of the IM system is obtained
as Chen et al. (2014):
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where Ly (x) and Lo (x) represent the system nonlinearities which are func-
tion of system states and parameters. As during the normal operation ¢, # 0,
|B(x)| # 0 and B(z) is a non-singular matrix, thus the feedback linearising
control can be obtained as

e e R (9)
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where v; and v, are the control inputs of the linear system
= : (10)

3.2. Design of state and perturbation observer design

The first step of design the state and perturbation observer (SPO) is to
define the perturbation terms. The value of B(z) is time varying due to
the changes of states and parameter uncertainties, such as J and 7,.. De-
fine B(z) = By + AB, By is the nominal value of B(x) and calculated by
using the nominal value of rotor flux 1, and all parameters, and AB rep-
resents uncertainties of the control gain matrix caused from the parameter
uncertainties and operation point changes. For example, the rotor resistance
can be described as the rated resistance plus the varying of rotor resistance
as R, = R,y + AR,. Moreover, to simplify the controller design, it is as-
sumed that all system dynamic L (x) and Lyo(x) are unknown as well. The

perturbation terms Wy and W, are defined as

I I T A (1)
\1’2(1’) LfQ(ZE) U2

10



Thus, the perturbation terms include the system nonlinearities, external
disturbances 77, and parameter uncertainties.

Then (5) can be rewritten as:

(0 Uy () Uy

(I Uy () U
Define new state variables as z;; = y;, 2zi2 = ¥;, and a fictitious state to
represent the perturbation terms as z;3 = W; for flux subsystem and speed

subsystem, system (12) can be represented as two subsystems as:
(

Zil = Zi2
Zig = Zi3 + B(]Z'Ui 72. = 17 2 (13>
i = W,

\

Several types of SPO have been proposed for estimating the perturbation
terms, such as linear and high-gain observers (Chen et al. (2014)), sliding
mode observer (Jiang and Wu (2002)) and nonlinear observer (Han (2009)).
In order to achieve the simplest structure and applicability, in this paper
SPOs are designed via linear Luenberger observer. The SPO can be designed
as:

20 = 2+ 1nZa
Zip = Zis + Bosui +lnZn >0 = 1,2 (14)

Ziz = liszi

\
where 2;; are the estimation of z;;, and z;; = z;; — Z;; are defined as the state

estimation error. The observer gains [;1, l;2, [;3 can be parametrised following

method (Yoo et al. (2007)):
[ lin lig Uiz } = { 3ag 303 af J (15)
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where «q is the observer bandwidth and a tuning parameter. The tuning of
ap should ensure that the observer response is faster than the controlled plant
(Yoo et al. (2007)). This leads the observer with larger bandwidth than the
bandwidth of the controller plant. On the other hand, the observer should
be applied with a lower bandwidth to filter out the measurement sensor noise
(Ellis (2002)). Therefore, the observer bandwidth setting should compromise
the requirement considering the actual bandwidth of both controller and

Ssensor noise.

3.3.  Design of speed observer

3.3.1. Conventional MRAS based speed observer

In the MRAS based speed observer (SO) based on rotor flux equations, the
reference model is the rotor flux from the real model calculated by the current
feedback, while the adaptive model tracks the rotor flux of the reference
model via adjusting the rotor speed (Gadoue et al. (2010)). When the rotor
flux difference between adaptive model and reference model eliminated to
zero, it is known that the speed estimation is the same with the real speed.

The rotor flux dynamics of the reference model can be presented as:

Aye, L. L.R, . oL.L. dig, (16)
= 7 VUsq — 7 lsa —
dt L., L., L, dt
d T Lr LrRs . Ler d.s
g _ Zrfts, O 'sp (17)

dt L. T L T T T a

where the variables vg,, vsg, iso and isg are the voltage control inputs and
current feedback of real IM.

The rotor flux dynamics of adaptive model is designed to estimate the

12



rotor flux variables using rotor circuit equations as (Gadoue et al. (2010)):

dbre L . 1.

dt = - lsae — ;r¢ra — P(Um'lprﬁ (18)
dpys L. 1
- P S 1
dt T Zsﬁ + wmwra T wrﬁ ( 9)

where @@m, QZJr/B and @, are the estimation of rotor flux t,, and 3 and
mechanical rotor speed wy,, respectively.

The speed tuning signal € is defined as the difference between the rotor
fluxes imaginary components from the reference model and adaptive model

as Gadoue et al. (2010):

€= @erﬁ"J)ra - @Z)ro/&rﬁ (20)

Then the adaptation mechanism uses a PI regulator to adjust the esti-

mated rotor speed as:
Wy = kpe + ki / edt (21)

In the MRAS-SO, as shown in the left side of Figure 1(a), when the error
€ convergences to zero, the estimated rotor speed wy, reaches the real speed.
Then the estimated rotor speed and rotor flux is used to feed the two SPOs
in (14) for perturbation estimation. In the whole controller design, two SPOs
are used for state and perturbation estimation of rotor speed and rotor flux

in different loops.

3.3.2. Combined speed and perturbation observer
In previous section, a MRAS-SO is designed to estimate the rotor speed
and a speed SPO is designed to estimate the speed loop perturbation by

using the estimated rotor speed, as shown in the Figure 1 (a). From the
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Figure 1: Block diagrams of (a) a traditional MRAS based speed observer and speed

perturbation observer, (b) a combined speed and perturbation observer (CSPO).

block diagram, the rotor speed needs to be estimated twice, wy,, and @/, in
different observers. This undoubtedly increases the computational load.
This section combines the MRAS-SO and speed SPO and proposes a
combined speed and perturbation observer (CSPO) that estimates the speed
and its perturbation term at the same time, as shown in Figure 1 (b). The
motivation of combining the MRAS-SO and speed SPO into a CSPO aims to
simplify the work in speed estimation and its perturbation estimation into a

simpler define, that when € — 0, the estimated speed from CSPO tends to the
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real rotor speed as W), — wy, and its estimated perturbation U tends to its
real value at the same time. But in the CSPO, the actual speed signal z9; is
assuming unknown, and the standard observation error zs; is not achievable.
Thus, it is required to find another driving signal to replace the z5; in original
speed SPO.

In the original speed SPO, the observer output is driven by the observa-
tion error za; = z91 — 221, where 291 comes from the output of PI regulator in
the MRAS-SO. In order to simplify the proof, the output of PI is simplified
with the product of proportional gain and tuning signal as z9; = kpe. Then
speed SPO from equation (14) with ¢ = 2 can be rewritten as

§
Z91 = Zoo + o1 (kPE — Zo1)

5’22 = Z93 + Booug + loo (kpe — 221) (22)

\ 223 = l23 (kPG - 5’21)

The above equation can be represented in matrix form as

%1 =l 1 0 Z91 kplay 0
222 = | =l 01 Zog | | kplaa | €+ | Bpous (23)
2o ~lpy 0 0 | | %o Fepla 0

Thus, it proves that the tuning signal € can be used as the driving signal
when Zy; is not available. If using Eq. (23) as the CSPO, it will achieve
the same performance with MRAS-SO and speed SPO. But this paper aims
to reduce the complexity of the direct combination of MRAS-SO and speed
SPO. In order to simplify the CSPO design, the proposed CSPO substituted

the observation error zp; with the speed tuning signal € from (20). Then the
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CSPO can be represented as

Z91 = Zog + l91€

2’22 = 223 + BOQ’LLQ + l22€ (24>

Zo3 = loge
\

Comparing among (14), (23) and (24), the CSPO maintains the simplicity
of the original SPO, utilizes the tuning signal € to drive the estimation of rotor
speed, and replaces the PI regulator in the original MRAS system. In order
to verify whether this change is stable, the stability analysis of its closed-loop
system will be carried out in later sections.

In the separated approach, the parameters of MRAS-SO and speed SPO
are calculated separately. But the parameterisation of CSPO should take into
account the stability of both speed estimation and perturbation observation,
which is more difficult than the separate MRAS-SO and speed SPO approach.
In order to add more degree of freedom in the tuning of system parameters,

an additional proportional gain is added to the estimation of rotor speed as
(I)m = 7:’21 + l20€ (25)

The final transfer function of the rotor speed estimation can be presented as

Bogus | (los | lo | |
O = 0“+(23+§+%+520>6 (26)

52 53

The gains of Iy, lo1, ls2 and I3 can be achieved by pole placement of the
closed-loop system by substituting (25) into system (16) to (19).
Then the CSPO consists of equation (24) and (25) to estimate the rotor

speed as well as its perturbation term simultaneously. After the speed tuning

16



signal € converges to zero, the estimation state w,, tracks the mechanical
rotor speed and Zy3 tracks the rotor speed perturbation for speed control and

linearising the IM system.

3.4. Speed sensorless nonlinear adaptive controller

In the flux subsystem, the original SPO (14) is used to estimate its pertur-
bation term Z;3. In the speed subsystem, the CSPO (24) is used to estimate
both the rotor speed @y, and its perturbation term Z3. Note that the speed
can be estimated by a conventional MRAS-SO defined in (16) to (21) and the
speed loop perturbation be estimated by a speed SPO defined in (14). Then
the control law of the speed sensorless nonlinear adaptive control (SSNAC)

can be obtained as:

U1 213

U2 (% 2923

Substituting (27) into (12), the system can be linearised as

yl \1/1 xr 213 U1
([ew ] X

?J2 Uy (QU ) Zo93 (%)

U1 213

(%) 223

where Z;3 indicates the SPO estimation error of perturbation term z;3 as
Ziz = Wi(+) — Zis.

By compensating the system nonlinear dynamics, parameter uncertainties
and external disturbances by the estimated lumped perturbation terms, the

linearised system can be easily controlled by lots of developed linear control
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law. The linear control law v; and v, can be designed as

v = 2] + k(25 — 211) + kia(25] — Z12)

(29)
Vg = 251 + ko (25 — 221) + k2o (25 — £20)

where 2, and Z}, are the reference and its derivative of system outputs;

ki1 and k; are the gains of linear control law that are determined by pole

placement defined as k;; = n? and k; = 2n for a given pole location n. The

location of poles can be determined for a second-order linear system with a
given transient dynamic requirement.

The stator voltages, known as the system control inputs, are calculated

from the proposed controller using variables with physical meaning as

L [kll(d}: — i)+ kl2(¢: — Z19) — 513}

2J0 L. L, A ) .
Vsq = m [ 21 (w:n — Zo1 — loo (%me - wrad}rﬂ)> (3())

| koo (W, — Z22) — Za3]

The final control scheme of the SSNAC for IM are shown in Figure 2.
The SSNAC include two control schemes, the first one is a MRAS-SO/SPOs
based SSNAC that includes a conventional MRAS-SO, two SPOs and two
control loops for flux and speed subsystem, respectively. The second control
scheme is a CSPO based SSNAC that includes the flux SPO, the speed CSPO

for and two control loops for flux and speed tracking.

4. Closed-loop Stability Analysis

The previous section proposed two control approaches, the MRAS/SPO
based SSNAC and the CSPO based SSNAC. In this section, the stability

18
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Figure 2: The control scheme of the SSNAC for TM.

analysis of two control schemes has been provided. Section 4.1 and Section
4.2 present the closed-loop stability proof of both control schemes of SSNAC

using Lyapunov theory.

4.1. Closed-loop stability of the MRAS/SPO based SSNAC

The closed-loop system includes five subsystems: the MRAS speed ob-
server defined in (16) to (21), the flux and speed perturbation observers
defined in (14), and their tracking errors in the IM system.

First, the error dynamic of the MRAS speed observer is obtained with
the rotor flux-based speed tuning signal e defined in (20), whose derivative

is calculated from the rotor circuit equations as

(31)

¢ = —aie + az(wm — Wm) + a3
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where

2

a = —,
Tr

Ao = P(wra¢ra + ¢r,6’¢r,6’)7 (32)
Lm ~ . Lm n .

az = - (1/)1‘5 - 7~p1‘ﬁ)7fsoz - T(wra - 7pra)lsﬁ

Combining the adaptation mechanism in (21), the dynamic of speed tun-

ing signal can be rewritten as

¢=—hie+ A (33)
where
hl = a1+ kPGQ (34)
A = ame+a3—/ﬁ/edt (35)

where h; is a positive value as a; > 0 and as > 0 (as proved in the Appendix
A) and kp > 0 defined in (21).

Second, define the estimation error of the flux SPO and the speed SPO
as Zj = i1 — Zil, Zie = Zia — Zi0, and z;3 = W;(+) — Z;3, where ¢ = 1 indicating
the flux SPO and ¢ = 2 indicating the speed SPO. The error dynamic of flux
SPO and speed SPO are obtained from (13) and (14) as

Zin ~ln 1 0| | Za 0
Z‘z = —liz 0 1 Zi2 + 0 (36)
?i3 _lig 00 5@'3 \Ijl()

Then (36) can be rewritten in matrix format as

[zz] = [A][z] + [n4] (37)
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where [4;] is the non-singular observer parameter matrix for both SPOs
and [Z;] = [Z1 Ziz  Zi3]' is the vector of estimation error with and [n;] =
[0 0 ¥, indicate the vector of derivatives of perturbation terms.

The perturbation terms ¥; depend on the system parameters and varia-
tions, system input and external disturbance. In the IM, the system parame-
ters and their variations have to be bounded. The system inputs are given by
the control outputs which are designed to be bounded. The external torque
disturbance cannot be guaranteed to be bounded, but infinite external torque
disturbance is out of the scope of the controller design. Due to these, the
derivatives of the perturbation terms ¥; are considered as bounded in this
paper as a precondition.

Third, define the system output tracking error as e; = y — z; and
€2 = Y — 2, where ¢ = 1 indicating the flux control loop and ¢ = 2 indicating

the speed control loop. The control law in (29) can then be represented as:

vi = kia(yr —zin+ 2z — Zi) + kie (Y7 — zi2 + zi2 — Zi2)

= ka(ea + zin) + k(e + Zia) (38)

From (12) and (38), the closed-loop tracking error dynamics are obtained

as
tl = o (39)
€i2 —kin —kio €i2 =&
where
Zi1
& = [ ka kip 1 } X | Zig (40)
Zi3

which indicates the lumped estimation error from (36).
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Similarly, rewrite system (39) in the matrix format as
[&i] = [Mi][ed] + [K][zi] (41)

where [e;] = [e;1 €]’ indicates the tracking error of the closed-loop sys-
tem; [M;] is the non-singular controller parameter matrix of flux and speed
subsystems; [K;] is the matrix depending on control gains.

For the stability proof, assuming that the system input gain B(z) and
its derivative are bounded and B(x) is non-singular when 1, # 0; and the
perturbation terms W;(z,t) and their derivatives W;(z,t) are bounded. This
assumption is reasonable based on the fact that the target system is a physical
system containing mechanical and electrical processes, so its variables will be
within a suitable range instead of infinite values. Then the closed-loop error
system can be proved to be globally uniformly ultimately bounded (GUUB)

as the following theorem.

Theorem 1. Consider the IM system (1) equipped the proposed SSNAC (30)
with the MRAS-SO in (16) to (21) and two SPOs in (14). If the perturbation
terms W;(x,t) defined in (11) satisfying

1W1(2, ) <m

: (42)
[0 (z, )| <72

then the estimation error in (33) and (36) and the tracking error in (41) are
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GUUB, i.e.,

le(t)| < Pi[]
2O < 2ml[[Pa]
| < 27| [P Yt =>T (43)
| < Ay || P [ P3|
[££,]

| < 4y || [EC] ||| [ Po2] || [Ps2]

N

Proof. For the error variable € in (33), choose a Lyapunov function as
Vio(€) = %PleQ. The hy defined in (34) is a positive value, the P; can be set
as a positive value of P, = hi'.

For the SPOs estimation error [Z;] in (37), choose the Lyapunov function
as Vipo.i([Z:]) = [2i] T [Pa][Zi]. The gains of SPOs (14) are determined by (15),
which means [A;] is Hurwitz. Then a feasible positive solution [Py;] can be
found from the Riccati equation [A;]T[Py] + [Pas][As] = —1.

For the tracking error [e;] in (41), define a Lyapunov function V; ;([e;]) =
[e:] V[ Psi][e;] and a [Ps;] as a feasible positive solution from the Riccati equa-
tion [M;]T[Py] + [Ps][Mi] = —1.

The Lyapunov function of closed-loop system can be defined as the sum of
MRAS speed observer, two SPOs, and two control loops as V' (e, [z1], [22], [e1], [e2]) =
Veo(€) + Vipo1([21]) + Vipo2([22]) + Vi1 ([e1]) + Vi2([e2]). Then the derivative
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of V can be obtained as

V= Pie(—hie + A) + [21] " ([A1] " [Pa] + [Pu][Ad])[21]

+ 2] T ([Aao]T[Pa2] + [Poo] [A2]) 2]
+led] T([M]T[Pa] + [Poa] [Mi])[ed]
+lea] P ([Mo] *[Paa] + [Pso] [Moa])[e2]
< =€+ Prlel[Al = (I[P + 20z ] [Padl] = 1220112
|

+2[|ZJI I Po2]Il = eIl + 2l e I IIEIN P (44)
—lle2]lI* + 2l/{e2] N ] 1Tz [Ps2] |
< —lel (Jel = PN = (1A AN = 27l [Pa ]l
=l Z1 1Tzl = 272[lTP2]ll)
= llexdll Clen]l = 20T NI TP )
I (e [F = 20T T2] 1 [Ps2]l])

Each Lyapunov function in (44) has its own close-loop. In the first section,

—llle2

as A defined in (35) is bounded (as proved in Appendix B), when |e| > P;|)[,
the —|e| (|| — P1|A]) < 0 can be obtained. Thus, there exists a time 77 > 0
to satisfy

W) <P, V> (45)

Similarly, there exists 75 and Tj to satisfy

1A < 2%l Pall, VI =T (46)
12O < 272 P, Vvt =T; (47)

and T3 and T} to satisfy

lfed] N < 4l Kl Pl Parll, V8 > Ty (48)

el )| < 4ral [ Kall[| P2l | Pall,  VE = T5 (49)
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Considering (45) to (49) to give T' = max (11, 15, T3, T4, T5) to lead (43).
It proved that the closed-loop system of using the separate SO and speed
SPO is stable and the speed estimation error, the flux and speed perturbation

estimation error and tracking error are bounded.

4.2. Closed-loop stability of the CSPO based SSNAC

In another SSNAC approach that uses the CSPO, its dynamics is obtained
from the MRAS error defined in (33) to (35) and speed SPO in (36) into a

single matrix as

€ —a); — l20a2 a9 0 0 € as
%}1 _ —ly 0 10| & | | 0 (50)
522 —l22 0 01 222 0
i 223 i i —l23 0 O O 1L 523 i i \PQ() i

where a; and ay are positive values defined in (32) and —a; — lypas can be
adjusted by gain lyg.

The error system (50) can be rewritten into matrix form as
(23] = [A][] + [4] (51)

With the new estimation error (51), the (41) of speed subsystem can be
rewritten as

[€2] = [Ma][es] + [K)[z3] (52)

where

[K3]: 0 ko1 koo 1] (53>

The following theorem is summarised.
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Theorem 2. Consider the IM system (1) equipped the proposed SSNAC
(30) with a fluz SPO in (14) and a CSPO in (24). If the perturbation terms
U,(x,t) defined in (11) is bounded as in (42), then the estimation error in
(50) and the tracking error in (41) are GUUB, i.e.,

(B0 < 22ll1Pal|
IZ] (O < 22| [Pd]l]
eI < 4y [P I[Pl
| el (N < 4s|[[K] [ [ TP | [ Ps]

N

NVE>T (54)

™

where y3 = max {ag, Y2}

Proof. Define the Lyapunov function for (51) as Vespo([23]) = [23] [ P4] (23],
where [P,] is a feasible positive solution from the Riccati equation [A]T[Py] +
[P][A] = —1.

The Lyapunov function of closed-loop system can be defined as the sum
of the flux SPO, CSPO and two control loops as V ([21], [Z3], [e1], [e2]) =
Vipor + Vespo([23]) + Vii(le1]) + Via([e2]). Then the derivative of V' can be
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obtained as

N

1]
|25l = 2vsI[Pa])

|[ex] | = 2 AT [P 1D
|[ea]ll = 2IITKS] [Tz Ps2]1)

3

Vo= [A] ([A] [Pa] + [Pa][Ad])[21]
+ 2] (AT [P] + [P][A])[%5]
+ed "M [Pa] + [Par][M])[ed]
+lea] T([Ma][Ps2] + [Pao][Mo]) [e2]
< =P+ 20 PaA]
—[IZ11? + 2[ [Z] [T [Pa]]
—[Ifex]II* + 2[[[ex (11 Za HI[Ps ]
—[Ife2]l1* + 2| le2 N [E] Iz NI [Ps2]
< =AU = 27ll[Pall])
Z]
]
]

Similarly, there exists Ty to satisfy

Bl < 29l Pall, Ve > Ty

and Ty to satisfy

lle2] (D1 < s K[| Palll| Pl VE = T5

(55)

(57)

Considering (46), (48), (56) and (57) to give T = max (13, T3, Ty, T5) to

lead (54).

This verifies that the closed-loop system is stable and the estimation

error of flux SPO and speed CSPO and tracking error of flux and speed are

bounded.
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Besides, if [§] is locally Lipschitz, the observation error and tracking error
can be guaranteed the exponential convergence (Jiang and Wu (2002)) and

finally to give

lim €(t) =0, tlg?o Zij(t) =0 and tlggo eir(t) =0 (58)

t—o0
where ¢ = 1,2 indicates different subsystems, 7 = 1,2, 3 indicates the state
orders in estimation and k = 1,2 indicates the state orders in controller.

This guarantees that the estimation error from both the MRAS speed
estimator and SPOs and the close-loop error produced by the unknown dis-
turbance are finally converged to zero to make the IM system stable.

The internal dynamic of the IM system is anlysed uding a zero-dynamic
technique. In zero-dynamic, the estimated speed and rotor flux as well as
their derivatives are well controlled, i.c. [e] + [Z] = 0 and [¢] + [Z] = 0 in
(38), the estimated states tracks their real value as 2;; = z;; and system
outputs track their reference as z;; = y;. Thus, the system outputs can be
represented as wy, = wi, ¥y = YL, wy = 0, 1/}r =0, 21 =y} and 2;3 = VU,.
Then combining with (5) to (8), the control inputs defined in (30) can be

represented as

R.Lg\ . . Ly
sd0 — Rs sd — Ls elsq — 7 .
Vsdo ( + r)Zd 0 Lyweigq LmTrwr
R.L.\ . ) PuonLy ., oLsLnR, . .
Usq0 = (Rs + L—r) Usq + 0 LgWelsq + I Py — Lo Usdlsq

(59)
Substitute (59) into the original IM system (1), one can derive that iyq = 0

and iy = 0 and the steady state currents can be obtained as

v
L

(60)

tIH& fsalt) =
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. . 2T’LLr
A ia(t) = 3p7r s

(61)

After the states wy,, and 1, and their derivatives are stable, the corre-
sponding states, such as the stator currents isq and 74, are also stable. The
zero-dynamic of the internal system of IM is stable and, therefore, the closed-

loop system error dynamics is stable as well.

5. Simulation Results

The control performance of SSNAC for IM is verified in simulation using
MATLAB/Simulink and in hardware implementation on dSPACE hardware
platform. The simulation tests are carried out in the time-continuous do-
main for both the observer and controllers. At first, in order to validate
the effectiveness of the CSPO, the speed estimation performance of NAC
with separated traditional MRAS speed observer and SSNAC with CSPO
are compared in simulation study. As the MRAS speed estimator is parame-
ter sensitive, the variation of IM parameters has been tested of both the rotor
resistance and load torque in order to test the performance reduction of the
speed sensorless approach affected by parameter variation. After that, the
case studies of forward and reverse motoring and time-varying load torque
disturbance have been given in both the software simulation and hardware
implementation. The parameters of target IM system have been given in
Table 1. The controller parameters of SSNAC as well as two SPOs are listed
in Table 2.
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Table 1: System parameters of IM

Parameter Value Unit
R 0.1607 Q
R, 0.1690 Q
Ly 6.017 mH
L, 5.403 mH
Ly, 5.325 mH
J 0.000145 kg
P 2

Table 2: Controller parameters of SSNAC

Name Parameter & Value
l11 =9 x 103
Flux SPO lig = 2.7 x 107
lig = 2.7 x 10°
log = 2 x 103
121 =6 X 103
Speed SPO
lag = 1.2 x 107
123 =8 X 109
ki1 = 1.5 x 10*
Flux Controller
k’lg = 2.5 % 102
k21 =1x 104
Speed Controller
kos = 2 x 102

5.1. Sensorless speed tracking performance test

This test aims to verify the effectiveness of using CSPO to replace the
PI based adaptation mechanism in conventional MRAS speed observer. The
comparison between separated MRAS-SO plus speed SPO and CSPO in sim-

ulation result is shown in Figure 3. The result demonstrates that both the
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Figure 3: Speed tracking performance comparison between seperated SPO and combined

SPO.

separated SO plus speed SPO and CSPO has good performance in estimat-
ing the rotor speed from 0 to 150 rad/s. In Figure 3 (b), the comparison of
estimation error shows that the speed estimation performs better in higher
speed than lower speed in both method. As the separated MRAS-SPO and
CSPO has similar performance in speed estimation, only the results of CSPO

based SSNAC are presented in all the following case studies.

5.2. Sensitivity test to parameter variation

In IM systems, the rotor resistances are typically uncertain since they
are possible varied during operations due to rotor heating, especially in the
wound-rotor IMs (Marino et al. (2005); Li et al. (2015)). The SSNAC un-
der varied rotor resistance have been validated in simulation. The result of

SSNAC under different constant rotor resistance variation and a rated con-
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Figure 4: Simulation result of SSNAC under (a) rated load torque and different rotor

resistance variation, and (b) 10% mismatch of rated rotor resistance and different load

torque.

stant load torque has been shown in Figure 4 (a), and that of a constant
10% rotor resistance variation and different load torque has been shown in
Figure 4 (b). When the rotor resistance varies with a constant mismatch to
its normal value, the speed controller performs the same dynamic response.
Up to 20% mismatching of R, have been tested, with the estimation perfor-
mance degraded and steady-state shift with less than 4% estimation error,
which is acceptable. Thus, under a constant uncertain load torque and rotor
resistance, the dynamic response and stability of an IM controlled by SSNAC

will not be affected.
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5.8. Speed tracking under constant load disturbance

In the IM application, the speed tracking under constant load is the most
common condition. Figure 5 shows the result of different control methods for
speed tracking under constant load, which can be either positive or negative
load torque. In the test case, from t=1.0 s to t=2.0 s, the load torque rises
from 0 to 0.4 Nm and keep constant. The rotor speed rises from 0 to 80 rad/s
and stays at this speed. After the speed reached the steady state, the load
torque reduced from positive to negative 0.4 Nm. During this period, the IM
should also be able to keep the speed. At last, from ¢t=6.0 s, the IM start to
decelerate from 80 rad/s to 0 under the negative load applied on the rotor.
The load torque is shown as in Figure 5(a) and the rotor speed is shown as
in Figure 5(b). As the rotor speed is under the limit of the rated value, the
IM is not using in the field weakening area. Thus, the flux reference is set
to constant in its rated value at 0.0265 Wb during the speed tracking. The
rotor flux is shown in Figure 5(c).

In the control performance of rotor speed and rotor flux, it can be obvi-
ously found that the SSNAC tracks reference better than that of traditional
speed sensorless method of VC with MRAS speed observer. In order to com-
pare their relative tracking error, Figure 5(d) and 5(e) show the tracking error
of rotor speed and rotor flux in percentage. In the comparison, the maxi-
mum speed error of SSNAC is less than 1% at t=4.5 s while the maximum
speed error of VC plus MRAS is around 8% caused by the load disturbance
changed from positive to negative. When rotor speed is rising or decreasing,
the control performance of SSNAC is also better than the traditional control

method with faster error elimination. The result of rotor flux tracking error
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Figure 5: Simulation results of IM speed tracking under constant load disturbance. (a)
Load disturbance, (b) rotor speed, (c¢) rotor flux, (d) speed tracking error, (e) flux tracking
error, and (f) stator voltage control input of SSNAC.

also shows that the SSNAC obviously reduced the flux tracking error caused
by varying of speed and load disturbance. In order to compare the control
performance numerically, the detailed indices are given in Table 3. The con-
trol input of stator voltage of SSNAC is given in Figure 5(f), which shows
that even the SSNAC performs much better in speed and flux tracking, the
control actuator is not over used as the stator voltage is within its limit.

As the indices summarised in Table 3, the maximum flux error of SSNAC
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is 98% less than that of the traditional VC plus MRAS method while the
flux integral-absolute-error (IAE) of SSNAC has reduced 99%. In the speed
tracking indices, the maximum speed error and TAE of speed regulation are
reduced by 79% and 81%, respectively.

Even though the control performance has been validated as improved a
lot, the estimation performance of the CSPO will need to be tested. Figure
6(a) shows the speed estimation result in rotor speed tracking. The absolute
speed estimation error is shown in Figure 6(b). The result of speed esti-
mation shows that the maximum estimation error is less than 0.01 rad/s in
speed acceleration and deceleration. When the load changes from positive
to negative, the maximum estimation error is less than 0.004 rad/s at the
speed of 80rad/s. The reason of which is the absolute accuracy of model
and parameters between reference and adaptive model. But in practice, it is
difficult to obtain the exact model as well as its accurate parameters.

The effectiveness of perturbation estimating and compensating also needs
to be verified. Figure 6(c) and 6(e) show the estimation performance of
perturbation terms of flux and speed, where the real value of perturbation
terms in the nonlinear IM system is presented by the solid green lines and
the estimated perturbation terms from SPOs are presented by the dashed red
line. Their estimation errors are given in Figure 6(d) and 6(f). The result
shows that the average estimation error of flux perturbation term of around

2% and that of speed perturbation term is around 0.3%.

5.4. Time-varying load torque disturbance test

After the speed tracking under constant load disturbance has been tested,

another most common case is the constant speed regulation under time-
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Figure 6: Estimation performance of the CSPO under constant load disturbance speed

tracking.

varying load torque as unknown external disturbance. In this case, both the
speed and flux are expected to be kept constant, but the load disturbance is
time-varying and fast changes. This is to verify the stability of the control
system under continuous disturbances. From the start, the rotor speed is
rising and stays at 100 rad/s. Then at t=4 s, the load torque applied on IM

with a sharp vibration in sinewave with amplitude of 0.3 Nm and frequency

of 0.5 Hz, as shown in Figure 7(a).
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The control performance of rotor speed and rotor flux regulation are
shown in Figure 7(b) and 7(c). Both the SSNAC and traditional VC plus
MRAS are affected by the load disturbance with speed sharply reduced. Then
the SSNAC responses fast to regulate the rotor speed back to its reference
while the traditional VC plus MRAS method has larger regulation error.
The flux regulation performance is more obvious that the time-varying load
has less impact to the SSNAC as it fully decoupled the interaction between
speed and flux. The relative regulation errors of rotor flux and rotor speed
are shown in Figure 7(d) and 7(e). And Figure 7(f) shows the stator voltage
of SSNAC as its control inputs. In the speed tracking error, an interesting
finding is the phase leading of SSNAC to VC plus MRAS due to the esti-
mation and compensation of perturbation terms that includes the prediction
of load torque. The performance indices are also summarised in Table 3, in
which it shows that the SSNAC reduced the maximum regulation error of
flux and speed by 99% and 87% and reduced the TAE of flux and speed by
99% and 88%, respectively.

The speed estimation performance of the CSPO is shown in Figure 8(a)
and its estimation error is shown in Figure 8(b). The result shows that the
maximum estimation error is less than 0.009 rad/s under the speed of 100
rad/s. That is also because of the accurate model and parameters used. The
two lumped perturbation terms of flux and rotor speed are estimated and
compared with their real value in Figure 8(c) and 8(e) while their estimation
error are given in Figure 8(d) and 8(f). The average estimation error of
perturbation term of flux is around 2% and that of speed is around 0.8%.

Thus, the perturbation terms are well estimated to compensate their real
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Figure 7: Simulation results of IM constant speed regulation under time-varying load
torque disturbance. (a) Load disturbance, (b) rotor speed, (c¢) rotor flux, (d) speed tracking

error, (e) flux tracking error, and (f) stator voltage control input.

value for fully linearise the coupled states in the nonlinear IM system.

6. Experiment Results

6.1. Experimental platform

The experimental setup of SSNAC for IM hardware implementation is
shown in Figure 9. The target motor is a 200 W, 2 pole pairs, three phase
wound-rotor IM from Motorsolver. Other devices include a 42 V power elec-

tronics (PE) converter unit and current transducers, two power supplies to
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Figure 8: Estimation performance of the CSPO under time-varying load torque distur-

bance.

provide power to both the motor and PE board in different voltage level,

and a DS1104 dSPACE controller with breakout box. In the motor bench,

the target IM is coupled with a DC motor that produces the expected load

torque. In the practical implementation, the first-order Euler discretization
method is used for compiling the simulation model into C programming code

in the dSPACE DS1104 controller board, whose CPU clock is 250 MHz.

Considering both the sampling rate and computational capability of the con-

troller hardware, the sampling time adopted for practical implementation is
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Table 3: Simulation performance indices and reductions of VC plus MRAS and SSNAC

Method
VC+MRAS SSNAC Reduc.
Indices
Max. Flux Error 6.9% 0.13%  98.1%
Flux IAE (x10-3) 8.2 0.1 99%
Case 1
Max. Speed Error 7.8% 1.6% 79.5%
Speed TAE 20.4 3.8 81%
Max. Flux Error 3.7% 0.052% 99%
Flux IAE (x1073) 3.0 0.0042  99%
Case 2
Max. Speed Error 2.2% 0.29% 87%
Speed TIAE 6.3 0.77 88%

set to 0.0001 s. The observer and controller are operating under the same
implementation environment and sampling time. Thus, the whole control
system with proposed algorithm takes less than 25,000 computational clock
cycles in total. If the proposed algorithm is implemented in a computational
unit with lower clock frequency, the sampling time should be increased cor-
respondingly to allow the computational unit to have enough time to run
out the algorithm. In the experiment, the nominal value of motor parame-
ters has been used. The unmeasured parameter varying during operations is

considered as the uncertainty and external disturbance.

6.2. Speed tracking under constant load disturbance

The control parameters of experiments are the same with that in simu-
lation. The load torque disturbance and the speed references use the same
profiles as in simulation, as shown in Figure 10(a) and 10(b). In the hard-
ware implementation, the speed estimation performance and its estimation

error are given in Figure 10(c) and 10(d). From the speed estimation result,
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Figure 9: Experimental setup of IM speed sensorless control.

the maximum speed estimation error are around 2 rad/s during speed rising
and less than 0.7 rad/s in steady state. As the real perturbation of the IM
system is difficult to be obtained in experimental test, the performance of
perturbation estimation cannot be given.

In the rotor flux and speed tracking, the rotor flux is controlled to stay at
0.0265 Wb while rotor speed increases from 0 to 80 rad/s and stays at this
speed. Their performance is shown in Figure 11(a) and 11(b). During the
period of speed rising, the flux and speed tracking error of VC plus MRAS
can reach 18.2% and 8.6rad/s, respectively. As shown in Figure 11(c) and
11(d), the SSNAC can reduce the flux regulation error to 13.2% and speed
tracking error to 3.1 rad/s. More than half of the speed tracking error has

been reduced.
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Figure 10: Experimental results of speed tracking under constant load disturbance. (a)

Load disturbance, (b) speed reference, (c) speed estimation, (d) estimation error.
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Figure 11: Experimental results of speed tracking under constant load disturbance. (a)
rotor flux performance, (b) rotor speed performance, (¢) flux error, (d) speed error, (e)

stator voltage control input of VC plus MRAS, and (f) stator voltage control input of
SSNAC.
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In addition, after the rotor speed reaches the steady state, the change of
load torque disturbance from positive 0.4 Nm to negative 0.4 Nm causes the
speed varying at t=6 s. The regulation performance of flux and speed under
the change of load torque using VC plus MRAS method is about 3.9% and
2.8 rad/s, respectively. While the SSNAC reduces the flux regulation error
to 0.8% and speed tracking error to 0.5 rad/s. It verifies that the SSNAC has
obvious improvement in the sensorless tracking of both flux and rotor speed.
Figure 11(e) and 11(f) show the control inputs of stator voltage of VC plus
MRAS and SSNAC. From which it can be found that the SSNAC has less
voltage input in average and its peak value is less than 6V while that of VC
plus MRAS is close to 8 V.

The numerical comparison of performance indices are summarised in Ta-
ble 4 case 1. The results show that, in speed tracking under constant load
torque, the SSNAC performs better than that of VC plus MRAS method
with the reduction of maximum and IAE of flux regulation error by 21% and
77%, respectively. And the reduction of that on speed tracking error by 33%
and 75%. The reduction of SSNAC in experiments is less than that in simu-
lation. The reason of that is caused by the uncertainty of IM parameters in
rotor-flux model. In experiments, the effective parameters of IM system can
be varying with ambient temperature and the delay of current feedback from
transducers, which is assumed ideal in simulation test. In order to compare
the reduction of flux and speed tracking error in an obvious way, the bar

chart of performance indices is given for this case in Figure 14(a).
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Figure 12: Experimental results of constant speed regulation under time-varying load
torque disturbance. (a) Load disturbance, (b) speed reference, (c) speed estimation, (d)

estimation error.

6.3. Time-varying load torque disturbance test

In constant speed regulation, the IM rotor speed is expected to be main-
tained at 100 rad/s, as in Figure 12(b). A sinewave shape time varying load
torque disturbance is then applied to the IM as shown in Figure 12(a). Under
this case, the rotor speed estimation performance of the CSPO is shown in
Figure 12(c) and its estimation error is shown in Figure 12(d). The result
shows that the designed observer can estimate the rotor speed of the target
IM system under time-varying load torque disturbance with its estimation
error less than 1.7% in any time and 0.8% in average.

The flux and speed regulation performance and their relative regulation

error are shown in Figure 13(a) and 13(b) and their relative regulation error
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Table 4: Experiment performance indices and reductions of VC plus MRAS and SSNAC

Method
VC+MRAS SSNAC Reduc.
Indices

Maximum Flux Error 18.3% 13% 21%
Flux IAE (x103) 9.3 2.1 1%

Case 1
Maximum Speed Error 4.2% 2.8% 33%
Speed IAE 31.0 7.7 75%
Maximum Flux Error 3.7% 0.78% 79%
Flux IAE (x1073) 2.3 046  80%

Case 2
Maximum Speed Error 3.2% 1.6% 52%
Speed TIAE 8.9 6.4 28%

are shown in Figure 13(c) and 13(d). The peak regulation error of flux and
speed in VC plus MRAS method are 3.7% and 3.2%, while that of the SSNAC
are reduced to 0.8% and 1.6%. The control input of SSNAC does not have
any increment to achieve the improvement of control performance in flux and
speed regulation as shown in Figure 13(e) and 13(f)

The performance indices are summarised and compared between SSNAC
and traditional VC plus MRAS method in Table 4 case 2 and Figure 14(b).
The results show that the SSNAC reduced the flux regulation error and its
TAE by 79% and 80% while the reduction of rotor speed regulation error is
52% in peak and 28% in TAE. The effectiveness of the speed sensorless control
using SSNAC to fully decouple the interaction of flux and rotor speed has

been verified with obvious better performance.
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Figure 13: Experimental results of constant speed regulation under time-varying load
torque disturbance. (a) rotor flux performance, (b) rotor speed performance, (¢) flux
error, (d) speed error, (e) stator voltage control input of VC plus MRAS, and (f) stator
voltage control input of SSNAC.
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Case 1: Speed tracking under constant load
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Figure 14: Comparison of performance indices of experimental results in (a) speed tracking
under constant load disturbance, (b) constant speed regulation under time-varying load

disturbance.
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7. Conclusion

This paper proposed a speed sensorless nonlinear adaptive control to
achieve the fully decoupling control of the flux and speed of IM without the
usage of speed sensor. The proposed nonlinear adaptive controller has been
used together with the traditional rotor-flux MRAS speed estimator. Then
a combined speed and perturbation observer (CSPO) is designed to estimate
the rotor speed and its perturbation term simultaneously. The estimated
speed is used as feedback in the speed loop and the estimated lumped per-
turbation terms is used to compensate the real perturbation that contains the
nonlinear dynamics, external load disturbance and parameter uncertainties.
Moreover, the CSPO replaced the PI regulator in the MRAS speed observer
and thus reduced the complexity of SSNAC controller. With the estimated
speed and perturbation terms from the CSPO, the IM system can be fully
decoupled and controlled without speed sensor. The stability of SSNAC with
CSPO has been proved using Lyapunov theory. The effectiveness of SSNAC
has been verified in both simulation and experiment studies. The results
show that the SSNAC performs better in speed tracking and under unknown
load disturbance without speed sensors comparing with traditional VC plus
MRAS method. It validated that the estimation of speed and its perturba-
tion term using the CSPO can provide speed sensorless control as well as the
fully decoupling of interactions in the nonlinear IM system.

In summary, the main advantages of the proposed control approach are

given as below:

e The proposed control approach integrates nonlinear control technology

and speed estimation technology, so it not only reduces the use of PI
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regulator in the traditional MRAS speed estimator, but also enables

overall stability analysis.

e The proposed control method can estimate the rotor speed and its dis-
turbance term simultaneously, thus, it reduces the dependence of speed
sensors, accurate models and parameters to improve the robustness of

the control system.

e The proposed control approach can perform much better speed tracking

performance under model uncertainty and unknown load disturbance.

The limitations of this work are listed as follows. First, the proposed
approach requires a high-gain observer in the SPO design. Therefore, when
speed estimation and perturbation estimation are combined, the selection of
the optimal gains becomes difficult. The best way to adjust the observer gain
will be considered in future studies. Secondly, the speed sensorless technology
in this article uses the MRAS method, which requires accurate models and
parameters. Although the perturbation estimation approach reduces the
dependency of accurate model and parameters, more other speed estimation
methods will be studied in the future to choose the most robust way to
combine the speed sensorless techniques with the perturbation estimation
approach.

In future work, the authors will study the method of finding the optimal
gains for the observer and the controller in both theoretical and practical
aspects. And compare the combination of different types of speed sensorless
methods and perturbation estimation-based control methods under different

conditions and application scenarios. In addition, the authors will continue
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to study the sensitivity of this method to system parameter uncertainty and

fault detection methods in hardware implementation.

Appendix A. Proof of a; >0

Since the 1, and 9,4 are in stationary frame, assuming that the angle
of rotor flux is #,. Then it can be represented as 1., = |¢x|siné, and 9,5 =
|9h¢| cos 6;. Then assuming that the estimation error of rotor flux angle is évr,

Q&r sin <9r + @) and @Er@ = cos <0r + é;) On the

basis of these, it can be proved that

~

77Z)r

and one can get Y, =

2 = Yratha + rsths (A1)
Y| sin <9r + é;) + |t | cos b - V| cos (Gr + é;)
= || U] - sin 6, - sin <6r + 9Nr> + || U] - cos b, - cos (Gr + 9~r>

= || |ty (sin2 0, cos 0, + cos® O, cos é;)

= |¢),| sin 6, -

- |7vbr| 1/}r COSé;

Thus, if |6,

< 90°, as can be proved as a positive value. In normal condition

of IM control, the estimation error of rotor angle will be far less than 90

degree. Thus, in this paper, it assumes that ay > 0 in all conditions.

Appendix B. Proof of A is bounded

From equation (35), since asw,, and ag are calculated from the physical
variables, they can be assumed as bounded based on the fact that the target
system is a physical system containing mechanical and electrical processes,

and its variables will be within a suitable range instead of infinite values.
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Thus, this section will only prove the boundness of k; [ edt. From (20), €

can be rewritten as

€ =g, — Yraths (B.1)
= || sin (64 65) - 1] cos b, — || cos (6 + ;) - [ sin,
= |G| [0n] - (cosb -sin (6, +8,) = sinb, - cos (6, + 7))
= || [t sin b,

Then it is easy to find that

/edt:

Thus [ edt is proved as bounded since the rotor flux ¢, has the upper limit

U 1] cos B, < [y | [t ] (B.2)

according to the design and manufacturing. And on the basis of this, A can

be proved as bounded then.
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