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Abstract: In this paper, an adaptive load torque observer based on backstepping control is designed,
which achieves accurate load estimation where the load is unknown. Based on this, in order to reduce
the loss of the motor at low load, a smooth switching strategy of rotor flux based on speed error is
designed. According to the real-time speed error of the induction motor, the smooth switching strategy
achieves dynamic flux switching. Firstly, when the uncertain load occurs for the first time in the
recursive design, the adaptive law of the load is designed, and a novel adaptive load torque observer is
obtained, which accurately estimates the uncertain load torque in real time. Secondly, the relationship
between the loss and the rotor flux is established by analyzing the loss model of induction motor,
and the optimal rotor flux is obtained. The smooth switching control strategy based on speed error
is designed to realize the efficiency optimization of induction motor. Finally, the control strategy
proposed in this paper is experimentally verified on the LINKS-RT platform. The results show that
the proposed control strategy has excellent load disturbance attenuation performance and reduces
the energy loss.

Keywords: induction motor; load torque observer; optimal rotor flux; smooth switching;
efficiency optimization

1. Introduction

Induction motors (IMs) are widely used in electric vehicles and industrial robots due to
reliability, high power density and excellent speed regulation performance [1-3]. The conventional
proportional-integral (PI) control strategy has been applied in induction motor (IM) speed control
system, which is easy to implement [4]. However, it is usually operated under rated flux, the loss of
motor is large, and it has a weak performance in load disturbance attenuation. In modern industrial
applications, the variable frequency speed control system of IM requires not only requires excellent
control performance, but also requires the reduction of motor energy loss.

Actually, the control performance of IM drive system is easily affected by compounded
disturbances, including parameters variation and external load disturbance [5-7]. In addition, external
load disturbance can inevitably influence the control performance, bringing out speed fluctuation.
Advanced control schemes have been utilized in speed control of IM drives for obtaining perfect load
disturbance attenuation and speed response, such as sliding mode control [8,9], active disturbance
rejection control [10,11], neural network control [12,13], fuzzy control [14,15], port-controlled
Hamiltonian control [16-18] and so on. The Elman neural network control algorithm is designed
in rotor position of IM drives application, which approximates the parameter uncertainties and
lumped disturbances [12]. In Reference [14], a self-tuning algorithm is proposed to automatically
adjust the output factor of the fuzzy logic speed controller, which improves the control effect of
the fixed parameter fuzzy logic control algorithm in parameter variations and load disturbance.
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Nevertheless, the selection of fuzzy rules depends on human experience, which brings difficulty to
the realization of the algorithm. The sliding mode algorithm is a complex control strategy which
improves the ability of robustness to variable motor parameters and load disturbance attenuation.
It has an attractive application prospect for the design of controllers and observers of motor drive
system, realizing accurate estimation of load disturbance as well as obtaining satisfactory control
performance [19,20]. In Reference [19], the second-order sliding mode disturbance observer is used to
observe the disturbances, including motor parameters change and unmodeled dynamics. The output
of the designed sliding mode disturbance observer is utilized as feedforward compensation to correct
the current error caused by traditional deadbeat predictive current controller. In Reference [20],
the second-order sliding mode control strategy is applied to the IM servo system to overcome the
shortcomings of the first-order sliding mode control. The higher sampling frequency is applied in order
to improve the dynamic performance in drive system, but with the increase of the sampling frequency,
the hardware requirements are higher, which brings difficulty to the later experimental verification.

The backstepping control algorithm constructs the control law of IM by selecting Lyapunov
function, which is applied to ensure the system stability and is widely used in the servo drive
system [21-23]. In Reference [23], the improved backstepping nonlinear technology is equipped with
an observer, which shows the superiority in robustness and speed response. The design idea of
backstepping control technology is to recursively select the appropriate state variables as the virtual
control input of low dimensional subsystem. Each backstepping design step generates a new virtual
control variable, which is represented by the previous design step, and the final Lyapunov function is
the sum of the Lyapunov functions designed in the previous recursive steps [24]. The backstepping
control strategy is combined with the adaptive scheme, which has a superior property [25,26].
In Reference [26], the backstepping control strategy is combined with the adaptive mechanism to
identify the rotor resistance of the induction motor on line. The designed rotor resistance observer
has good performance in load disturbance and speed change, which improves the robustness of the
control system.

IMs have significant efficiency optimization control effects when they are at light load
operations [27,28]. In the traditional field oriented control technique, the rotor flux is constant in
order to realize high dynamic performance, but it is detrimental for efficiency optimization [29].
Among the existing loss minimization control strategies, the loss model control has a faster convergence
speed than the search control and is easy to implement, which has caused extensive research [30,31].
The loss model control establishes the relationship between the total loss and the rotor flux through
the equivalent circuit in the stationary reference frame of the IM, and obtains the optimal rotor flux
when the loss is minimal. In order to improve the system dynamic performance degradation caused
by the optimal rotor flux in the efficiency optimization control, the rotor flux of the drive system is
restored to the given rotor flux when the speed or load changes suddenly [32]. In Reference [28],
low pass filter, torque producing current compensation to speed controller and variable structure speed
controller in model based control of IM drives are discussed. Three control strategies are proposed to
improve the dynamic performance of the system, and to save energy during sudden load transitions.
However, when the motor changes from the optimal rotor flux to the given rotor flux in case of sudden
speed and load torque, it is switched according to the time point of sudden change. In many practical
applications, it is difficult to determine the time point when the running state of the motor changes
(speed or load mutation).

In this paper, a novel adaptive load torque observer based on speed error and load torque
error is proposed inspired from the work investigated in Reference [33]. The load torque adaptive
law is presented in the first recursive design step, and a novel adaptive load torque observer is
obtained compared with the conventional adaptive backstepping control strategy [34]. The designed
observer accurately estimates the unknown load online, and achieves excellent speed control of
IM. The Gaussian smooth switching control method based on the speed error realizes dynamic
flux switching, which improves the efficiency of the motor at low load operation. The LINKS-RT
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experimental platform verifies the effectiveness of the proposed control algorithm in unknown load
torque estimation, speed tracking performance, and smooth switching of rotor flux.

The organization of this paper is described below—Section 2 is devoted to the mathematical
model of IM. Section 3 provides the design of control strategy including rotor flux observer, novel
adaptive backstepping control. Section 4 is devoted to the optimization of efficiency through smooth
switching control of the rotor flux. The experimental results are discussed in Section 5. Section 6
describes the conclusions.

2. Mathematical Model of IM

The mathematical model of IM on the d — g axis can be presented by the following equation under
the field oriented control strategy [26].

LmRr
oLsL2

: R i 1
lsg = wsd + (npw + LA - sq )lsq + )\rd + TLsusd

H mRT Si Lm
lsg = Visg — (npw + T3 l" Yigg — (TLZ’E:)/\M + a%susq (1)
5 _ LyRy: R,
)‘rd = 7L Isg — *,)\rd
@ = j(Te = Ty = Bw),
where ¢ = 1 — L%,l/(LrLs) is leakage coefficient, v = —(L%R,#—L%Rs)/(ULSL%), and T, =

(31pLiAraisg) /(2L ) is electromagnetic torque. ugg, tsg, isg and is; stand for the component of stator
voltage and current on the d — g axis. Ly, ], B, np and T, present mutual inductance, moment of inertia,
friction coefficient, pole pairs and load torque. Ls and L, are stator inductance and rotor inductance.
Arg and w are rotor flux and mechanical angular speed of rotor.

The angular speed of d — g axis w, the slip angular frequency w; and the electrical angular speed
wy of IM are presented as [23]

LR,

We = Ws + Wy = misq
r/\y

+npw. 2)

The block diagram of IM drive system based on the novel adaptive load torque observer is shown
in Figure 1. w* and A} are the given speed and rotor flux. T; and A, are the estimations of T; and A,4.
is is the stator current, and is = [ iy isq ]T. 0, is the estimated value of the rotor flux position of the
motor, which will be used for Clark transformation and Park transformation.
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Figure 1. Block diagram of induction motor (IM) drive system.
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3. Design of Control Strategy

3.1. Rotor Flux Observer

It can be obtained from the rotor flux formula in Equation (1) that the rotor flux observer can be
estimated from the stator current i;.

a

i LuRiig  Redyg

Ag = 3
rd L, L, ( )
Define the rotor flux error ey = A,y — A4, then ¢, = —Ri—f". Choosing Lyapunov function
Vi= e%\ / 2, and the derivative of it is expressed as
R,e2
Vi=eney=——=<0, (4)
L,

if and only if ey = 0, V; = 0. According to the Lyapunov stability theory and the LaSalle invariant
theory, the rotor flux observer is asymptotically stable.

3.2. Novel Adaptive Backstepping Controller

In order to achieve the goal of remarkable performance speed control, the backstepping control
scheme is adopted. Considering the uncertain load disturbance, the novel adaptive load torque
observer is designed to accurately estimate the change of load torque in real time based on the
principle of backstepping control. The novel load adaptive law is different from the convention,
which is presented when the load torque first appears.

Define speed error, rotor flux error and their time derivative

{e‘“:“’*“f’ 5)

ex = /\:d — A

b = WF — W
v =@ (6)
{ e\ = )\::d - )\rd'
Consider the Lyapunov function
1 N
V, = E(efj + €3 +a"1T?), labeleq7 (7)

where parameter a > 0. Ty = Ty — Tp, T, and Ty are the error value and estimated value of load
torque. The time derivative of V; is

V2 = e,ly + )6\ + {IlilTLTL = Ew(d)* - Cd) + EA()\:d - Ard) - tlilTL’j\—'L. 8)

The g-axis current error ¢j; and the virtual control current i, are derived as

eiq = i;kq — isq
P — 2]Lr O (9)
it = —(W* —x)
sq ?ﬂlme)\,d ’

where « is a function, which is given in Equation (11).
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Combining Equations (1), (8) and (9), the Equation (8) can be rewritten as

27 7oL,
B 3”]9Lm}\rd
2JL,
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(10)

where k; > 0(i = 1,2,3). Then the function «, g-axis virtual control current ig; and load torque adaptive
law are designed as

K= —klew % — BT‘“
i;d LnR, Rr (/\:d + /\rd + kzeA) (11)

Ty = aksTr + ae“’.

By substituting (1) into (11), the load torque adaptive law is rewritten as

A

3n,LnA
T, = —aksJ@ + ]ew + aks (””2;1”1 — Ty — Bw) (12)
T

According to Equation (12), the novel adaptive load torque observer can be expressed as
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Substituting function x and (6) into (9), it can obviously get that
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Combining Equations (14) and (15), V; can be described as
Vo = —ke2, — ket — ks T? < 0. (16)
Choosing the Lyapunov function ,
%:w+%. (17)

Then, the time derivative of V3 is given by
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where k4 > 0. Equation (18) shows that the output us; of controller is

N
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Substituting (19) into (18) results in
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where b = Aol ki,c= irLnion (ak3 ]).
Define current error of d-axis as e;; = i}, — is4, choose the Lyapunov function as
2
e
V=1, 21
1= (21)
Obviously, Vj can be written as
. . : ) . LRy 4 1
Vi = ejgéig = ejg(iyy — Vigg — Welsg — azlier% o TLsuSd) = —kse2, (22)
where k5 > 0. Then construct the control law 1,
: . , LRy 5
Usg = 0Ls(ksejg + 15y — Vigg — wslsg — ﬁsé d)- (23)
Substituting (23) into (22) results in
Vy = —kse2; < 0. (24)

4. Efficiency Optimized through Smooth Switching Control of Rotor Flux

The loss of IM includes stator iron loss, stator copper loss, rotor iron loss, and rotor copper
loss. The rotor iron loss is ignored because it is small relative to the stator iron loss. The stator iron
loss is represented by iron loss equivalent resistance Rge, ifeq and ige, are the currents through the
resistance Rp.. The stable state equivalent circuit of IM can be shown in Figure 2 [27,35].

Ig’d_, R, a)s/isq wl’qu g R, a);i’sd @Ay
o c — N c
2 Wy ; © o MW N/ ©

Ugg Re. gliped L, g R, g[ird Usg RFe§ liFeq L, 3 R, § [ Irq

(a) d-axis equivalent circuit. (b) g-axis equivalent circuit.

Figure 2. Equivalent circuit of IM.
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In the synchronous rotating coordinate system, the current of the d — g axis is direct current, so the
voltage of the two ends of mutual inductance L;, in Figure 2 is zero. Based on the principle of rotor
flux orientation, we have

iFed = isd (25)
iFeq = isq + irq
)\sd = /\rd
26
{)\sq:/\rqzoz ( )

where ire and ige, are the d-q axis components of the current flowing through the equivalent resistance
Rpe, Asg and Ay, are stator flux of d — g axis, A,y and Ay are rotor flux of d — g axis. As shown in

Figure 2, we have
(,Ug)\sd - (Ug/\rd

o 27
lFeq RFe RFe ( )

, WsArg
g = — ;Q,r ’ (28)

then
irgRy R, . . Isq wy \ RyRpe
We = — = —\(lgg — 1 =\ — . 29
T T A = T R R R )
The stator and rotor copper loss of IM can be expressed as
Pcys = Rs(i2, +12,) (30)
. R .
Peyr = Rﬂ%q = m(RFelsq - wr)\rd)2' (31)
r Fe

where Pcys and Pcy, are stator and rotor copper loss. According to Equation (29), stator iron loss can
be written as
w2

R . .
e )2y = — T (R22 4 2Ryisgeor g + WA, (32)

Pre = Rpei%,, = —
e e'Feq RFe rd (Rr + RFe)Z

where Py, is stator iron loss. Combining Equations (30)—(32), the total loss P,s; of IM is given by

Rs 1 9\ 19 L2 L2R, REe T?
Piyss = P P Pre=(— + 5———w;)A R —. 33
loss Cus +Pcur+Pre (L%z + R, - RFewr) rd + (71}27[,%1 s + n%L%er n n%L%RFe)A%d ( )
The efficiency of IM can be expressed as
w; Te
— , 34
1 wrTe + Ploss 64

where 7 is the operating efficiency of the motor.

Equation (33) shows that the loss of IM is a function of the rotor flux at a certain speed and
electromagnetic torque. In order to reduce the loss in stable state, the purpose of efficiency optimization
can be achieved by controlling the rotor flux. Let the first derivative of P}, to the rotor flux to be zero,

we have
L2[R/Rpe + Rs(R; + Rpe)]
* — 4 r e S 7 e ﬁ , (35)
ropt \/n%[RS(R, + Rpe) + w2L3] © ¢
where A, is the given value of the optimal rotor flux.
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The Gaussian function based on speed error is used as the rotor flux coordination controller,
which can dynamically switch the given flux. The smooth switching function is designed as

Flew) =1—e~(ew/5’, (36)

where S; is positive parameter. Adjust the S; to control the speed of smooth switching. Figure 3 shows
the block diagram of the rotor flux smooth switching strategy. The output of rotor flux smoothing
switching controller is designed as

Atnew = flew)Ar +[1— f(ew)])‘:optr (37)

where A}, is the value of the given flux calculated by the coordinated controller.

Smooth
Switching

Optimal
Rotor
Flux

Figure 3. Block diagram of rotor flux smooth switching strategy.

5. Experimental Results

In order to verify the effectiveness of the proposed control strategy in this paper, the experiment
is carried out on the experimental setup developed by Beijing Links Corporation. The experimental
setup is displayed in Figure 4. The experimental setup mainly consists of two servo drives (R&D
servo drive and universal servo drive), two 1.5 KW squirrel cage IMs (drive motor and load motor),
LINKS-RT real-time simulator and PC. The overall structure of the experiment is shown in Figure 5.
The parameters of IM are shown in Table 1. The switching frequency of the inverter is 10 kHz, and the
sampling time of the control system is 0.0002 s. The parameters of novel adaptive load torque observer
based on backstepping control are k; = 150, k, = 100, k3 = 3500, k4 = 1150, k5 = 2500, a = 0.001.

Figure 4. Experimental setup.
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Figure 5. Overall structure of the experiment.

Table 1. Parameters of IM.

Description Value Unit
Rated power 15 kW
Rated torque 9.6 Nm
Rated speed 1500 rpm
Stator resistance 0.96 (@)
Rotor resistance 0.93 (@)
Iron loss resistance 0.9 (@)
Stator inductance  0.11832 H
Rotor inductance  0.11867 H
Mutual inductance  0.11223 H

Moment of inertia 0.0038 kg- m?

Friction coefficient 0.001 -
Pole pairs 2 -

Case 1: At reference speed of 200 rpm, 600 rpm, 1000 rpm, and 1500 rpm, the robustness of the
proposed control strategy under unknown load disturbances is tested, and the initial load torque is
1 Nm. 1 Nm load disturbance is added at t = 5 s and the load torque recovers to 1 Nm at t = 10 s.
The given rotor flux is 0.2 Wb.

The detailed experimental curves are shown in Figures 6-9. Figures 6a, 7a, 8a and 9a show
that the proposed algorithm can quickly converge to a given speed, and when the load suddenly
increases (t = 5 s) and decreases (t = 10 s), the motor speed returns to the given speed after a short
period of adjustment. Compared with the PI control method, the backstepping control method with
the novel adaptive load torque observer (AB + LOB) has a shorter setting time and less overshoot.
As shown in Figures 6b, 7b, 8b and 9b the rotor flux observer can rapidly track the given rotor flux
value under different speeds. Figures 6¢, 7c, 8c and 9¢ show the response curves of electromagnetic
torque and load estimation. It can be seen that the proposed load observer can accurately estimate the
value of uncertain load in real time. The A-phase current curves at different speeds are presented in
Figures 6d, 7d, 8d and 9d. From these figures, it can be seen that the amplitude of the A-phase current
increases with the increase of the load torque.

Table 2 shows the detailed data comparison of Case 1. S.F. and A.T. represent speed fluctuation
and adjustment time, respectively. From the experimental results of Case 1, the AB + LOB method
realizes precise speed control, and has excellent load disturbance attenuation.
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Table 2. The detailed data comparison of Case 1.

. . Load up Load down
h T
Speed Method  Setting Time SE/AT. SE/AT.
200 AB +LOB 0.18s 53 rpm/0.28s 40 rpm/0.31s
pm PI 0225 71rpm/0.31s  42rpm/0.33s
600 rpm AB +LOB 0.16s 65rpm/0.28s 47 rpm/0.31s
P PI 0.19s 83 rpm/0.30s 50 rpm/0.32s
AB + LOB 0.24s 71rpm/0.25s 53 rpm/0.31s
1000 rpm PI 0.26 5 110 rpm/0.28s 61 rpm/0.32 s
AB +LOB 031s 81rpm/0.27s 66 1rpm/0.31s
1500 rpm PI 0.37s 82rpm/0.79s 68 rpm/0.75s

12 0of 16

Case 2: The actual values of IM parameters (such as resistance, inductance and moment of inertia)
are difficult to obtain. In order to analyze the robustness of the proposed control strategy under
parameter changes, the following experiments are completed at a given speed of w* = 600 rpm.

Considering that the actual parameters of IM cannot be changed arbitrarily, this paper verifies
the robustness of the proposed algorithm to the parameters by changing the motor parameters used
in the AB + LOB method. Suppose X = X, (1+ AX), X = (Rs, Ry, Ls, Ly, Ly, J), where X, X, and AX
represent the actual value, nominal value and parameter variation degree of the motor parameters
respectively. AX changes from 0% to the given degree of variation at t = 4 s. Figures 10-13 show the
experimental curves of parameters variation.
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Figure 10. Speed response curves when the stator resistance value changes suddenly.
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Figure 11. Speed response curves when the rotor resistance value changes suddenly.
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Figure 12. Speed response curves when the inductance value changes suddenly.
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Figure 13. Speed response curves when the moment of inertia value changes suddenly.

Figures 10 and 11 show the speed curves of the motor under the proposed controller, in which the
stator resistance value and the rotor resistance value change suddenly. Figure 10 shows that in the case
where the stator resistance value is reduced by 50% and increased by 100%, the speed fluctuations
are 1 rpm and 5 rpm, respectively. Figure 11 shows that in the case where the rotor resistance value is
reduced by 50% and increased by 100%, the speed fluctuations are 1 rpm and 3 rpm, respectively.

Figures 12 and 13 show the proposed motor speed curve under the controller when the inductance
value and the moment of inertia value change suddenly. Figure 12 shows that in the case where the
inductance value is reduced by 20% and increased by 20%, the speed fluctuations are 5 rpm and
17 rpm, respectively. Figure 13 shows that when the moment of inertia value is reduced by 50% and
increased by 50%, the speed fluctuations are 50 rpm and 20 rpm, respectively.

From the experimental results in Figures 11-13, it can be concluded that the proposed speed
controller has strong robustness for parameters variation.

Case 3: At reference speed of 600 rpm, the proposed smooth switching strategy for rotor flux based
on a Gaussian function is verified. The load torque is 1 Nm at t = 0-10 s, and 1 Nm load disturbance is
added at t = 10 s. The given rotor flux is 0.2 Wb. The positive parameter S; of the Gaussian function is
chosen as 4.

As can be seen from Figure 14e, when the motor is at 600 rpm and the load torque is 1 Nm,
the loss of the motor is 350 W. According to Equation (34), it can be calculated that 7 ~ 77.4%.
From Figure 14d.{f, after applying the efficiency optimization control algorithm, the flux is 0.12 Wb
and the loss of the motor is 180 W. According to Equation (34), it can be calculated that # ~ 86.9%.
When t = 10 s, the load torque increases to 2 Nm. From Figure 14b, the smooth switching algorithm
still has a good speed response. From Figure 14e,{, it can be calculated that the efficiency of the motor
before and after optimization is 86% and 89.2% respectively.
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Figure 14. The response curve before and after efficiency optimization at 600 rpm.

The experimental results in Case 3 verify the effectiveness of Gaussian function smooth switching

control algorithm based on speed error. The proposed algorithm has a good speed response and
reduces motor loss.

6. Conclusions

In this paper, a novel adaptive load torque observer and the smooth switching control strategy
are proposed. The proposed load observer realizes accurate online estimation of unknown load
disturbance. The proposed Gaussian smooth switching control method realizes the dynamic flux
switching, and reduces the energy loss during the operation of the motor. The experimental results
verify the effectiveness of the proposed method. With AB + LOB method, the motor speed control
system has good dynamic and steady-state performance, and is robust to unknown load disturbance
and parameters variation. With Gaussian smooth switching strategy, the running efficiency of the motor
is improved under low load operation. However, the mismatch disturbances are not considered in this
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paper. Therefore, the future work will focus on eliminating the influence of mismatch disturbance on
the motor system.
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