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Research on Internal Model Control of Induction
Motors Based on Luenberger Disturbance Observer

Zhonggang Yin , Member, IEEE, Cong Bai , Na Du, Chao Du, and Jing Liu

Abstract—Internal model control (IMC) has been used widely
for its less computational burden, and simple implementation.
By IMC, the disturbance including model mismatch, parameter
variations, and other unstructured dynamic uncertainties cannot
be eliminated effectively in the induction motor (IM) control sys-
tem. To optimize the current-control performance of IM drives, a
nonlinear current-control algorithm for the IM systems using IMC
strategy based on a Luenberger disturbance observer (IMC-LDO)
is proposed in this article. The time-varying disturbance has been
considered in the IM system. Based on this system, the proposed
method is derived, where a LDO is introduced to estimate the
disturbance. To tune the proposed scheme properly, a stability
analysis based on Jury criterion has been used to determine the
selection of the observer gain. Comparative experimental results
indicate that the proposed method improves the dynamic property
and the robustness in case of parameter variations and step load
change. The feasibility and effectiveness of the proposed method
are verified by the experimental results.

Index Terms—Induction motor (IM), internal model control
(IMC), Luenberger disturbance observer (LDO), robustness.

NOMENCLATURE

d, q Rotary reference frame axes.
α, β Stationary reference frame axes.
a, b, c Three-phase reference frame axes.
isα, isβ α-axis and β-axis stator currents, A.
isd, isq d-axis and q-axis stator currents, A.
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ia, ib, ic a-axis, b-axis and c-axis stator currents, A.
usα, usβ α-axis and β-axis stator voltages, V.
usd, usq d-axis and q-axis stator voltages, V.
ωf, ωr,ωs Slip frequency, angular rotor speed, synchronous

angular velocity, rad/s.
Lm, Ls, Lr Mutual inductance, stator, rotor inductances, H.
�∗ Reference quantity.
θ Rotor position.
σ ( = 1−(Lm

2/LsLr)) Total leakage coefficient.
Rs, Rr Stator and rotor resistances, Ω.
Tr ( = Lr /Rr) Rotor time constant.
Udc DC link voltage, V.
TL Rated torque, N·m.
xd, xq Disturbance caused by parameter variations and

other unmodeled dynamics uncertainties.
εd, εq Unstructured uncertainties.
PN Rated power, kW.
UN Rated voltage, V.
IN Rated current, A.

I. INTRODUCTION

INDUCTION motor (IM) has many advantages, such as
simple structure, reliable operation, and low cost. IM has

been accepted widely in various industrial fields, such as the
chemical and textile industry owing to its superiority. However,
the IM is a high order, nonlinear, multivariable, and strong cou-
pling system [1]. Therefore, to improve the motor performance,
various control technologies have been developed by relevant
researchers, such as sliding mode control (SMC) [2], [3], model
predictive control (MPC) [4], [5], repetitive control (RC) [6],
H� control [7], and internal model control (IMC) [8].

SMC is suitable for designing the controller of the nonlin-
ear system owing to its insensitivity to external disturbance
and simple implementation [9]–[12]. In [13], a novel reaching
law of SMC instead of traditional PI controller was proposed.
Simulation and experimental results indicate that not only the
chattering is reduced by the proposed controller, but also the
reaching rate is improved. In [14], SMC was designed based
on the nonlinear reaching law to achieve better performance of
the speed-control for each ac motor. Simulation results indicate
that the performances both in the steady state and transient
process are improved. However, SMC has not been used widely
in the actual application, because of the chattering caused by the
switching function. In addition, there will be a singular problem
if the SMC parameters are not selected properly. MPC is used in
the field of nonlinear control [15], MPC has the advantages of
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fast current response and relatively easy implementation [16],
[17], and it has gained widespread acceptance for the current
controller capable of high dynamic responses. In [18], the predic-
tive current control method discussed chooses the best possible
switching state of the converter at fixed sampling intervals,
based on an evaluation criterion and predictions of the system
behavior. In [19], a finite control set model predictive current
control scheme based on virtual voltage vectors was proposed
for five-phase permanent magnet synchronous machines, which
aimed to reduce the low-order harmonic components of stator
currents. Simulation and hardware-in-loop experimental results
have verified the validity and effectiveness of the proposed
scheme. In [20], the study proposes an integrated solution for
MMC by combining the predictive control with the classical
energy balancing approach. The proposed approach generates
an output current waveform with the lowest switching ripple as
compared with the fast MPC method. Thereby, the size of the
output filter to eliminate the switching ripple is significantly min-
imized. The current tracking capability of the proposed approach
is marginally deteriorated compared with fast MPC. However,
the proposed MPC method still requires a higher number of
switching states compared with fast MPC. The precise control
signal can be achieved by an accurate controlled plant in MPC
[21], [22]. However, the motor parameters will change during
the motor operation. In addition, MPC has a higher requirement
for CPU because of a mass of calculations in MPC. This is also
the main reason for MPC cannot be widely used as expected.
RC is well known for its high performance in a feedback system
that is subject to periodic exogenous inputs, and it is applied
in the control field for many industrial applications [23]–[25].
In [26], finite-dimensional robust repetitive controller (FDRRC)
starting from the conventional repetitive controller is proposed.
The experimental results indicate that the periodic disturbance
is eliminated effectively, and the tracking performance is im-
proved. However, the further work is still needed to reduce the
complexity of FDRRC. H� control is a method of designing
multivariable input and multivariable output robust control sys-
tems in the modern control theory, and it has the advantages
of excellent regulation performance and robust stability [27]. In
[28], to solve the problem that the surface permanent magnet
synchronous motor (SPMSM) speed control system is sensitive
to internal parameter disturbance and external load disturbance
during operation, the H� robust current controller is designed
based on Hamilton-Jacobi inequality to ensure the robustness
of current control under the nominal mathematical model of
SPMSM. The experiments verify the effectiveness and usability
of the proposed control strategy.

IMC has the advantages of less computational burden, and
simple implementation [29]. In [30] and [31], a current con-
troller is designed based on the IMC principle. Not only the
tunable parameters are reduced, but also the system robustness
is improved. In [32], a novel application of IMC for spiral
trajectories tracking was proposed. The zero steady-state track-
ing error can be achieved based on the proposed IMC, when
the amplitude of the reference sinusoid changes linearly with
time. In [33], a modified IMC scheme for speed regulation
is proposed on the basis of a two-port IMC method, which
effectively reduces the sensitivity to control input saturation of

the standard IMC and leads to good tracking and disturbance
rejection performances. In addition, the IMC controller also
contains harmonics of the reference frequency to reduce the
experimental tracking error caused by the nonlinearities, such
as piezo actuator hysteresis and cross coupling. However, there
are two problems in the conventional IMC. First of all, IMC
has only one adjustable parameter, but the tracking performance
and anti-disturbance performance need to be separated. Second,
the system robustness cannot be guaranteed by the unchanging
filter time constant of IMC with the lump of time-varying
disturbance, namely, the disturbance caused by the parameter
variations, model mismatch, and step load change cannot be
eliminated effectively by an internal model controller. Therefore,
the method of disturbance observation is introduced into motor
control, and the time-varying disturbance is compensated, such
as extended state observer (ESO) and Luenberger disturbance
observer (LDO). In [34], since such approaches introduce certain
feedback gains for the state variable, observers are needed that
calculate the estimation of the state variable on the basis of
directly measurable quantities. The Luenberger observers solve
this task via introducing a differential equation for the estimated
state. In [35], the fractional part of the total delay is considered
for further assessment in the RPCC. Based on the plant extended
state-space model, a modified Luenberger prediction observer
with complete state feedback is designed to achieve a deadbeat
response and estimate the state vector at the next sampling time.
However, these RPCC still suffer from steady-state current errors
due to the disturbance caused by parameter mismatch and other
unmodeled dynamics.

In this article, a novel internal model control method of IM
based on a LDO is proposed. The LDO is constructed based on
the system state equation. First, the error between the measured
current and observed current is considered as the system feed-
back. Then, in order to make the feedback error close to zero
quickly, an appropriate feedback gain is chosen by the observer
poles assignment. The feedback gain ensures that the observed
disturbance is approximate to the system state variables. Finally,
the disturbance can be acquired, which is measured difficultly.
To tune the proposed scheme properly, a stability analysis based
on Jury criterion has been used to determine the selection of the
observer gain. The contributions of the proposed controller are
as follows. First, the internal model control has many advantages
such as practicability, simple structure, fewer online adjustment
parameters, and regulation compared with PI. However, the
internal model control cannot eliminate the time-varying distur-
bance effectively by the constant filter time constant. Therefore,
a LDO is simply chosen as the estimated disturbance function,
which varies with different operating conditions. The internal
model control with LDO based on IM drive achieves fast and
small overshoot current response. Second, the internal model
control with LDO overcomes the weakness of current fluctuation
of the conventional internal model control. The experiment is
implemented on the IM drives based on DSP TMS320F28335.
The experimental results indicate that the system disturbance can
be estimated in real-time by LDO, IMC-LDO has better start-up
performance and stronger robustness in case of parameter varia-
tions and step load change, and the feasibility and effectiveness
of the proposed method are verified.
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II. IM CONTROL METHOD BASED ON INTERNAL

MODEL PRINCIPLE

A. Mathematical Model of the IM

The voltage equation of IM under the d-q rotating coordinate
system is given as⎡
⎢⎢⎣
usd
usq
urd
urq

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣
Rs + LsD −ωsLs LmD −ωsLm

ωsLs Rs + LsD ωsLm LmD
Lmp −ωfLm Rr + LrD −ωfLr

ωfLm LmD ωfLr Rr + LrD

⎤
⎥⎥⎦

×

⎡
⎢⎢⎣
isd
isq
ird
irq

⎤
⎥⎥⎦ (1)

where D is a differential operator. Considering the multiple rotor
bars connected by short-circuit rings in a squirrel cage motor,
urd and urq are set to zero. At the same time, set ψrq = 0, and
(1) can be rewritten as

[
usd
usq

]
=

[
Rs + σLsD −ωsσLs (Lm/Lr)D
ωsσLs Rs + σLsD (Lm/Lr)ωs

]⎡⎣ isd
isq
ψrd

⎤
⎦
(2)

where ψrd is the direct component of rotor flux. After the
magnetic field orientation, the rotor flux ψrq = 0, here

TrDψrd + ψrd = Lmisd. (3)

It can be seen that ψrd = Lmisd is constant in steady state,
and ψrd varies with isd under dynamic operation. Hence, it is
necessary to keep ψrd / Lm and rotor flux ψrd as constant in
the process of the motor speed control, substituting usq

′
= usq-

ωs(Lm/Lr)ψrd into (2), and making the Laplace transform. Then,
(2) is formed as [31][

usd(s)
u′sq(s)

]
=

[
Rs + σsLs −ωsσLs

ωsσLs Rs + σsLs

] [
isd(s)
isq(s)

]
. (4)

Equation (4) can be equivalent to

Y (s) = G(s)U(s)

where U(s) = [usd(s) u
′
sq(s) ]

T , Y (s) = [ isd(s) isq(s) ]
T ,

G(s) =

[
σsLs +Rs −ωsσLs

ωsσLs σsLs +Rs

]−1

.

B. Design of the IMC Current Regulator

The block diagram of an IM control system based on IMC
is demonstrated in Fig. 1, where ASR indicates speed regu-
lator. For the field-oriented control of IM, three control loops
including the quadrature axis (q-axis) current-loop, the direct
axis (d-axis) current-loop, and the speed-loop are considered.
The traditional PI controller is adopted in the speed-loop, and
the speed controller output is taken as the expectation of the
torque current. The stator three phase currents ia, ib, and ic are
detected by hall electric current sensor, the two phase current
isα and isβ can be obtained after being transformed to α-β
coordinate system, and the two phase current isd and isq can be

Fig. 1. Block diagram of IM control system based on the conventional IMC.

Fig. 2. Principle block diagram of IMC.

obtained after being transformed to the d-q coordinate system.
The internal model controller is used instead of the PI controller
in the current-loop. Then, the errors between isd, isq and the given
current (isd∗, isq∗) are taken as the inputs of IMC, respectively.
The outputs of the internal model controller are usd∗, usq∗, and
then usα∗, usβ∗ can be obtained after being transformed to the
α-β coordinate system. Finally, SVPWM modules output PWM
signals to supply for the inverter.

The fundamental idea of IMC is connecting an ideal internal
model with the controlled object in parallel. The error between
the reference model output and the controlled object output is
used as the terminal input of the internal model controller. Fur-
thermore, a low-pass filter is introduced to make the controller
realizable.

Fig. 2 shows the structure of IMC, where C(s) is the internal
model controller, G(s) is the controlled object, Gn(s) is the
reference model, E(s) is the feedback error signal, R(s) is the
input of the controlled plant, Y(s) is the output of the controlled
object, and d(s) is the external disturbance. The expression of
the relation between the input and output according to Fig. 2 can
be obtained as

Y (s) =
C(s)G(s)

1 + C(s)[G(s)−Gn(s)]
R(s)

+
1− C(s)Gn(s)

1 + C(s)[G(s)−Gn(s)]
d(s). (5)

When the model is matching (ignoring the modeling error),
namely, G(s) = Gn(s). If the inverse of the controlled plant is
used as the internal model controller, and the internal model
controller can be expressed as

C(s) = Gn
−1(s). (6)
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Fig. 3. Simplified schematic diagram of IMC.

Substituting (6) into (5), it can be obtained that Y(s) = R(s),
in other words, the system has strong robustness which is not
affected by external disturbance d(s). Ideally, the internal model
controller is implemented by the inverse model. However, the
inverse model is difficult to achieve in practical application.
Therefore, it needs to cascade a low-pass filter to solve this
problem, and then the internal model controller is designed as

C(s) = f1(s)G
−1
n−(s) (7)

where G−1
n−(s) is the reversible part of the controlled plant and

f1(s) is a low-pass filter which is designed as f1(s) = 1
λ1s+1 .

Fig. 3 shows a simplified schematic diagram of IMC, Gc(s)
is the equivalent feedback controller, and it is deduced as

Gc(s) =
C(s)

1− C(s)Gn(s)

=
1

λ1

[
σLs +Rs/s −ωsσLs/s
ωsσLs/s σLs +Rs/s

]
. (8)

C. Analysis of Stability and Robustness

When the model is mismatch, namely, G(s) �= Gn(s) , the
multiplicative uncertainty bound l̄m(jω) is used to describe the
model uncertainty, and η(jω) is the complementary sensitivity
function. For the unit negative feedback control system such as
Fig. 3, the necessary and sufficient condition for the closed-loop
system stability is

∥∥η(jω)l̄m(jω)
∥∥
∞ < 1∀ω (9)

where |lm(jω)| = |G(jω)−Gn(jω)
Gn(jω) | ≤ lm, and η(jω) =

Gc(jω)G(jω)
1+Gc(jω)G(jω) =

1
λ1jω+1 .

According to (8) and (9), the sufficient and necessary condi-
tion for the closed-loop system stability is given by

lm ≤ |λ1(jω) + 1| ∀ω. (10)

Equation (10) shows that the robustness of the internal model
control system can be guaranteed by adjusting the filter pa-
rameters. The bigger the λ1 is, the bigger the toleration of the
model uncertainty is. But in practical application, the system
uncertainty is time-varying, and thus the system robustness
cannot be guaranteed by the traditional internal model control.

According to [36], considering factors such as system robust-
ness and interference suppression capabilities, the filter time
constant λ1 can be selected as ten times the sampling period.
The current loop sampling time of the IM control system used
in this article is 0.5 ms, so the filter time constant λ1 = 0.005,
the bandwidth of the current loop is α = 2π/λ1 = 1256 rad/s.

Fig. 4. Block diagram of IM control system based on IMC-LDO.

According to the bandwidth of the current loop and the closed-
loop transfer function of IMC, the filter parameter λ1 can be
obtained.

IV. INTERNAL MODEL CONTROL STRATEGY

FOR IMs BASED ON LDO

It should be noted from (10) that the system robustness cannot
be guaranteed by the traditional IMC. First of all, IMC has
only one adjustable parameter, but the tracking performance and
anti-disturbance performance need to be separated. Second, the
system robustness cannot be guaranteed by the unchanging filter
time constant of IMC with the lump of time-varying disturbance.
Therefore, an LDO is introduced to estimate the disturbance in
real-time. Subsequently, it will be embedded in the current-loop.

Fig. 4 shows a block diagram of IM control system based
on IMC-LDO, while LDO is embedded in the current-loop,
and LDO is constructed based on the system state equation.
First, the error between the measured current and the observed
current is considered as the system feedback. Then, to enable
the feedback error close to zero quickly, an appropriate feedback
gain is chosen by the observer poles assignment. The feedback
gain ensures the observed disturbance is approximate to the sys-
tem state variables. Finally, the disturbance which is measured
difficultly can be acquired.

A. Design of the LDO

The disturbance caused by parameter variations and unstruc-
tured uncertainties is considered in an IM system. Based on this
system, LDO is designed to estimate the uncertainties of xd and
xq offsets, which realizes the current-loop compensation. Set
L = σLs, (11) can be obtained from (4)[

usd
usq

]
=

[
Rsisd − ωsLisq
Rsisq + ωsLisd

]
+ L

[ disd
dt
disq
dt

]
(11)

Take into account the parameter variations and the unstruc-
tured uncertainties, the current-loop model is expressed as⎧⎪⎪⎨

⎪⎪⎩

usd = −(L+ΔL)ωsisq + (L+ΔL)disddt
+(Rs +ΔR)isd + εd

usq = (L+ΔL)ωsisd + (L+ΔL)
disq
dt

+(Rs +ΔR)isq + εq

(12)



YIN et al.: RESEARCH ON INTERNAL MODEL CONTROL OF INDUCTION MOTORS BASED ON LUENBERGER DISTURBANCE OBSERVER 8159

Fig. 5. Block diagram of LDO.

where ΔL and ΔR are the parametric uncertainties that can be
considered as unknown slow variant signals. The total uncer-
tainties are defined as{

xd = −ΔLωsisq +ΔLdisd
dt +ΔRisd + εd

xq = ωsΔLisd +ΔL
disq
dt +ΔRisq + εq.

(13)

Organizing (13), isd, isq, xd, and xq are chosen as state vari-
ables, then the state equation can be acquired

ẋ = Px+Mv (14)

y = Nx (15)

where x = [ isd isq xd xq ]
T , v = [usd usq 0 0 ]T ,

P =

⎡
⎢⎢⎣
−Rs

L ωs
1
L 0

−ωs −Rs

L 0 1
L

0 0 0 0
0 0 0 0

⎤
⎥⎥⎦, M =

⎡
⎢⎢⎣
− 1

L 0 0 0
0 − 1

L 0 0
0 0 0 0
0 0 0 0

⎤
⎥⎥⎦,

N =

⎡
⎢⎢⎣
1 0 0 0
0 1 0 0
1 0 0 0
0 1 0 0

⎤
⎥⎥⎦.

LDO is built by (14) and (15)

˙̂x = P x̂+Mv +H(y − ŷ) (16)

ŷ = Nx̂ (17)

where x̂ = [ îsd îsq x̂d x̂q ]
T , ŷ = [ îsd îsq îsd îsq ]

T , H =⎡
⎢⎢⎣
k1 0 0 0
0 k1 0 0
0 0 k2 0
0 0 0 k2

⎤
⎥⎥⎦.

Fig. 5 shows the structure of LDO, where x̂ is the estimated
state variable, ŷ is the estimated output, and H is the feedback
gain matrix of the observer.

The discrete LDO is given as
⎡
⎢⎢⎣
îsd(k + 1)

îsq(k + 1)
x̂d(k + 1)
x̂q(k + 1)

⎤
⎥⎥⎦ = A

⎡
⎢⎢⎣
îsd(k)

îsq(k)
x̂d(k)
x̂q(k)

⎤
⎥⎥⎦+

Ts
L
u(k)

+

⎡
⎢⎢⎣
k1(isd(k)− îsd(k))

k1(isq(k)− îsq(k))

k2(isd(k)− îsd(k))

k2(isq(k)− îsq(k))

⎤
⎥⎥⎦ (18)

where A =

⎡
⎢⎢⎣
1− TsRs

L Tsωs(k)
Ts

L 0

Tsωs(k) 1− TsRs

L 0 Ts

L
0 0 1 0
0 0 0 1

⎤
⎥⎥⎦ , u(k) =

[usd(k) usq(k) 0 0 ]T .

B. Stability Analysis of the LDO

The state equation of LDO can be obtained from (18)⎡
⎢⎢⎣
îsd(k + 1)

îsq(k + 1)
x̂d(k + 1)
x̂q(k + 1)

⎤
⎥⎥⎦ = (A − HN)

⎡
⎢⎢⎣
îsd(k)

îsq(k)
x̂d(k)
x̂q(k)

⎤
⎥⎥⎦+

Ts
L
u(k)

+

⎡
⎢⎢⎣
k1isd(k)
k1isq(k)
k2isd(k)
k2isq(k)

⎤
⎥⎥⎦ . (19)

Set B = (A−HN), the dynamic response of the discrete
LDO hinges on the eigenvalues of the state equation coefficient
matrix B. When all eigenvalues distribute within the unit circle
of the Z domain, the discrete LDO is stable.

The PWM interrupt frequency is 8 kHz in the experi-
ment, and the small cross-coupling term ωs(k)Ts can be ig-
nored in the case (ωsTs < 0.00625 for ωs < 50Hz). Based
on this, the characteristic equation of the disturbance ob-
server is derived as (20) shown at the bottom of the next
page, where a0 = k2b2Ts(k2b2Ts − b1Ts − k1), a1 = k2b2
Ts(b1Ts − k1 − 1), a2 = k2b2Ts, b1 = Rs

L , b2 = 1
L .

The discrete LDO stability is analyzed by applying Jury
criterion [37]. For (20), the necessary and sufficient conditions
for the observer stability are⎧⎨

⎩
Δ(1) = a2 + a1 + a0 > 0

(−1)2Δ(−1) = a2 − a1 + a0 > 0
|a0| < a2.

(21)

After substituting a0, a1, a2 into (21), we get{
k2b2Ts − b1Ts − 1 < k1 <

k2b2Ts

2
k2 > 0.

(22)

Therefore, the selection of k1, k2 should satisfy formula (22)
to guarantee the proposed observer stability.

C. State Errors Analysis of the LDO

Since the feedback is realized instead of x by x̂. For the state
estimation errore(t) = x(t)− x̂(t). The time evolution of the
state estimation error is given by

e(t+ 1) = Bobs(t)e(t) (23)

where Bobs(t) = P −HN .
The following theorem proposes sufficient conditions ensur-

ing the convergence of the estimation error.
Theorem 1: The state estimation error converges toward zero if

there exists a symmetric, positive definite matrixQ ∈ Rn×nand
a matrix S ∈ Rn×nsolution of the constrained linear matrix
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inequalities (LMI) problem:[
(1− 2α)Q PTQ−NTST

QP − SNT Q

]
> 0 (24)

where the given decay rate is selected as 0 < α < 0.5.
Proof: This theorem is obtained by considering a quadratic

Lyapunov function

V (e(t)) = eT (t)Qe(t), Q > 0, Q = QT . (25)

The convergence of the estimation error is guaranteed by [38]:

∃Q = QT > 0, α > 0 : ΔV (e(t)) + 2αV (e(t)) < 0 (26)

where ΔV (e(t)) = V (e(t+ 1))− V (e(t)) and where α is the
decay rate to ensure the convergence velocity. By using (25), the
inequality becomes

eT (t+ 1)Qe(t+ 1)− (1− 2α)V (e(t)) < 0 (27)

which can be rewritten as follows considering (23)

eT (t)
{
BT

obs(t)QBobs(t)− (1− 2α)Q
}
e(t) < 0. (28)

Finally, the LMIs in theorem (1) are obtained using the
well-known Schur complement [38]. Let us notice that adequate
eigenvalues placement of the observer can be obtained by an
appropriate choice of the decay rateα in theorem 1. For example,
the convergence of the estimation error in (24) is obtained by
considering α = 0.1.

V. EXPERIMENTAL VERIFICATION

In order to validate the feasibility of the proposed method
in this article, a contrast experiment is carried out by using
a 1.1-kW IM. A 32-bits floating point digital signal proces-
sor TMS320F28335 is employed to accomplish the developed
control algorithm. The IM parameters are listed in Table I.
The experimental platform is shown in Fig. 6, which consists
of three parts: the servo inverter, the loading system, and the
control circuit. The filter parameter value in the internal model
controller is selected as λ1 = 0.25. The Lunberger disturbance
observer gain is selected as k1 = 5, k2 = 15 here, which not only
assures the stability but also balances the dynamic response and
robustness of the proposed controller. Considering the motor
power and the market condition, the switching frequency is
selected as 8 kHz, the current sampling frequency is 2 kHz,
and the speed sampling frequency is 0.5 kHz, respectively. The
system hardware is composed of an IM inverter, an IM, an

TABLE I
MOTOR PARAMETERS

Fig. 6. Experimental platform.

oscilloscope, and a loading system. The loading system is mainly
composed of a servo inverter and a loading servo motor, and the
IM is driven by the inverter. The stator current, stator voltage, and
rotor speed are measured by a Hall effect current sensor, a Hall
effect voltage sensor, and a photoelectric coder, respectively.

The system software process consists of the over-voltage and
over-current protection, initialization, main loop, current detec-
tion, PWM interrupt, etc. The period of the PWM interrupt is
125μs, and the main functions include the IMC-LDO algorithm,
coordinate transformation, dead time compensation, SVPWM
generation, etc.

A. Experimental Verification During Full-Speed Range

Fig. 7 shows the given speed and rotor speed response based
on IMC-LDO. As shown in Fig. 7, the motor runs at seven
stages, including 30, 300, 900, 1500, 1200, 600, and 150 r/min,

Δ(z) = |zI −B| = det

⎛
⎜⎜⎝zI −

⎡
⎢⎢⎣
1− TsRs

L −k1 Tsωs(k)
Ts

L 0

Tsωs(k) 1− TsRs

L −k1 0 Ts

L−k2 0 1 0
0 −k2 0 1

⎤
⎥⎥⎦
⎞
⎟⎟⎠

= det

⎛
⎜⎜⎝
z − 1 + b1Ts + k1 −Tsωs(k) −b2Ts 0

−Tsωs(k) z − 1 + b1Ts + k1 0 −b2Ts
k2 0 z − 1 0
0 k2 0 z − 1

⎞
⎟⎟⎠

= (a2z
2 + a1z + a0)

2 (20)
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Fig. 7. Speed response in full speed range based on IMC-LDO.

Fig. 8. Current contrast waveform. (a) Output waveform of stator current at
1500 r/min. (b) Standard sinusoidal current waveform.

respectively, which contains the full range of running speeds.
This indicates that the proposed method has good tracking
performance. Fig. 8(a) displays the output waveform of the
stator current at 1500 r/min, and Fig. 8(b) shows the standard
sinusoidal current waveform. The stator current is very close to
the standard sinusoidal current. Therefore, it can be summarized
that IMC-LDO can provide good steady and dynamic property
in the full-speed range.

B. Verification of the Dynamic Performance

Fig. 9 shows the comparison of steady state and transient
responses based on IMC and IMC-LDO with no load, and the
rotor speed steps up to 1500 r/min from 150 r/min. Fig. 9(a)
shows the current response based on IMC, Fig. 9(b) shows
the current response based on IMC-LDO, Fig. 9(c) shows the
rotor speed response based on IMC, and Fig. 9(d) shows the
rotor speed response based on IMC-LDO. Comparing IMC and
IMC-LDO with the same motor parameters, the speed overshoot
decreases to 30 from 80 r/min, while the adjusting time of
isq is shorter, and the overshoots of isq and rotor speed are
smaller based on IMC-LDO. In conclusion, LDO can estimate
the disturbance in real-time, and a better dynamic performance
can be achieved based on IMC-LDO.

Because of the introduction of LDO in IMC, the dynamic
performance is improved based on IMC-LDO. Fig. 10 shows
the estimated disturbance xd and xq by LDO. In steady state,
the disturbance is not large because of the small variations
of the current and speed. However, in the dynamic stage, the
disturbance is large because of the large variations of current
and speed.

Fig. 9. Experimental comparison of the rotor speed and the current when the
speed changes. (a) Current response of IMC. (b) Current response of IMC-LDO.
(c) Speed response of IMC. (d) Speed response of IMC-LDO.

Fig. 10. Estimated disturbance of LDO when the speed changes.

Fig. 11. Experimental comparison of the rotor speed and the current at
1500 r/min with 2 Rs. (a) IMC. (b) IMC-LDO.

C. Experimental Results With Rs Variation

Fig. 11 depicts the responses of the traditional IMC and
the proposed IMC-LDO at 1500 r/min under Rs mismatch.
Fig. 11(a) shows the rotor speed and the current based on IMC,
and Fig. 11(b) shows the rotor speed and the current based on
IMC-LDO. It can be seen that IMC results in a speed overshoot
of 150 r/min while it is only 70 r/min in the case of IMC-LDO. In
addition, the overshoot of isq is smaller in the transient process,
and the fluctuation of isq is smaller under IMC-LDO with a
mismatch Rs in the steady state.
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Fig. 12. Experimental comparison of the rotor speed and the current at 15 rpm
with 2 Rs. (a) IMC. (b) IMC-LDO.

Fig. 13. Experimental comparison of the two controllers at 1500 r/min with
1.2 Lm. (a) IMC. (b) IMC-LDO.

Fig. 12 illustrates the responses of the traditional IMC and the
proposed IMC-LDO at 15 r/min with 2 Rs. Fig. 12(a) shows the
rotor speed and the current based on IMC, and Fig. 12(b) presents
the rotor speed and the current based on IMC-LDO. It can be seen
that the overshoot of isq is smaller in the transient process, and
the fluctuation of isq and rotor speed is smaller under IMC-LDO
with a mismatch Rs in the steady state. Fig. 12 indicates that IMC
is more sensitive to the parameter variations. In other words,
IMC-LDO has better robustness to the mismatched parameters.

D. Experimental Results With Lm Variation

Fig. 13 provides the responses of IMC and IMC-LDO at
1500 r/min under Lm mismatch when the rotor speed increases to
1500 r/min. Fig. 13(a) shows the responses of d-q axis current
and a-phase current based on IMC, and Fig. 13(b) shows the
responses of d-q axis current and a-phase current based on
IMC-LDO. As the experimental results reveal, the current wave-
forms have a large overshoot and oscillation at start-up based on
IMC, which are indeed the natural result of the poor relative
stability of the control system under Lm variation. In contrast,
the overshoot and oscillation are weakened effectively with the
proposed scheme in Fig. 13(b). Generally, the proposed method
can estimate the mutual inductance disturbance at start-up, and
the overshoot and oscillation caused by Lm mismatch can be
compensated by the estimated disturbance.

Fig. 14 provides the responses of the traditional IMC and the
proposed IMC-IMDO under Lm mismatch when the rotor speed
increases to 30 r/min. Fig. 14(a) shows the responses of d-q
axis current and a-phase current based on IMC, and Fig. 14(b)
shows the responses of d-q axis current and a-phase current
based on IMC-LDO. As the experimental results reveal, the

Fig. 14. Experimental comparison of the two controllers at 30 r/min with 1.2
Lm. (a) IMC. (b) IMC-LDO.

Fig. 15. Experimental comparison of the two controllers against a step rated
load change at 1500 r/min. (a) IMC. (b) IMC-LDO.

current waveforms have a large oscillation in Fig. 14(a), which
are indeed the natural result of the poor relative stability for the
control system under uncertainties. On contrary, the oscillation
is weakened effectively, and an accurate current tracking perfor-
mance is achieved in Fig. 14(b). Generally, the proposed method
can estimate the mutual inductance disturbance at start-up, and
the estimated disturbance can modify the oscillation caused by
Lm mismatch.

E. Experimental Results With a Step Rated Load

Fig. 15 presents the responses of the traditional IMC and
the proposed IMC-LDO with a step rated load at 1500 r/min.
The rated load is added at t = 2 s and removed at t = 8 s.
Fig. 15(a) presents the rotor speed and current based on IMC,
and Fig. 15(b) presents the rotor speed based on IMC-LDO.
From the experimental results, it can be seen that IMC results in
a speed fluctuation of 120 r/min while it is only 60 r/min in the
case of IMC-LDO. When the rated load is removed, the speed
overshoot decreases to 60 from 120 r/min based on IMC-LDO,
and the adjusting time of the rotor speed is smaller based on IMC-
LDO. Generally, comparing IMC with IMC-LOD, IMC-LDO
provides a clear improvement of the robustness and quickness
at 1500 r/min.

Fig. 16 shows the estimated load disturbance xd and xq at
1500 r/min. It can be observed that LDO can estimate the dis-
turbance caused by a step rated load change exactly and quickly
with low chattering, and the system robustness is improved based
on IMC-LDO.

Fig. 17 shows the responses of the traditional IMC and the
proposed IMC-LDO with a step rated load change at 30 r/min.
The rated load is added at t = 4 s and removed at t = 16 s.
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Fig. 16. Estimated disturbance of LDO with a step rated load change at
1500 r/min.

Fig. 17. Experimental comparison of the two controllers against step rated
load change at 30 r/min. (a) IMC. (b) IMC-LDO.

Fig. 18. Estimated disturbance of LDO with a step rated load change at
30 r/min.

Fig. 17(a) presents the rotor speed and the current based on IMC,
and Fig. 17(b) presents the rotor speed based on IMC-LDO.
From the experimental results, it can be seen that IMC results
in a speed fluctuation of 12 r/min while it is only 6 r/min in the
case of IMC-LDO. When the rated load is removed, the speed
fluctuation decreases to 6 from 10 r/min based on IMC-LDO, and
the adjusting time of the rotor speed is smaller based on IMC-
LDO. In conclusion, IMC-LDO provides clear improvement of
the robustness and quickness at 30 r/min.

Fig. 18 shows the estimated load disturbance xd and xq at
30 r/min. It can be found that LDO can estimate the disturbance
caused by a step rated load change exactly and quickly with
low chattering, and the system robustness is improved based on
IMC-LDO.

V. CONCLUSION

Conventional IMC suffers from the problem that the robust-
ness of the system cannot be guaranteed by IMC with time-
varying disturbance when the motor operates. Considering the
parameter variations and unstructured uncertainties in the IM

Fig. 19. Simulation comparison between PI, IMC, and IMC-LDO at start-up.
(a) PI and IMC. (b) PI and IMC-LDO.

system, a nonlinear current control algorithm for the IM systems
using an internal model control strategy based on a LDO is
proposed to optimize the current control performance of IM
drives. The appropriate selection of the observer gain is given
by applying Jury criterion, and the observer gain can balance the
dynamic property and robustness of the proposed controller. In
conclusion, IMC-LDO has better dynamic property and strong
robustness in case of parameter variations and step rated load
change. The effectiveness of the IMC-LDO scheme for the IM
has been verified by the experimental results.

The Luenberger observer mentioned in [34] solves the prob-
lem that the system state is difficult to observe via introducing
a differential equation for the estimated state. The Luenberger
observer in [35] is a kind of Luenberger prediction observer,
mainly to solve the fractional delays. Besides, the Luenberger
observer proposed in this article is a kind of disturbance observer,
which can effectively eliminate the time-varying disturbance
and overcome the weakness of the current fluctuation of the
conventional internal model control. The research contents to be
carried out is analyzing whether the internal model control based
on the Luenberger observer is suitable for the speed sensorless
IM system.

APPENDIX

To verify the effectiveness of the proposed method in this
article, multiple groups of contrast experiments are shown in
Appendix. The parameters of the tested IM are shown in Table I.

A. Simulation Comparison of PI, IMC, and IMC-LDO

Fig. 19(a) shows the rotor speed waveforms of PI and IMC
at start-up, and Fig. 19(b) shows the rotor speed waveforms of
PI and IMC-LDO at start-up. The PI controller parameters have
been tuned manually to be the best in the simulation. From the
simulation results, it can be seen that the speed overshoot and
adjusting time of PI are 35 r/min and 0.35 s, respectively, while
they are 10 r/min and 0.2 s of the IMC-LDO. In conclusion, the
proposed method shows a significant improvement compared
with PI.

Fig. 20(a) shows the rotor speed waveforms of PI and IMC
against step load change at 1500 r/min, and Fig. 20(b) shows the
rotor speed waveforms of PI and IMC-LDO. The PI controller
parameters have been tuned manually to be the best in the
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Fig. 20. Simulation comparison between PI, IMC, and IMC-LDO against step
load change. (a) PI and IMC. (b) PI and IMC-LDO.

Fig. 21. Experimental comparison of the two controllers at 1500 r/min. (a) PI.
(b) SMC. (c) IMC-LDO.

simulation. The rated load is added at t = 1.5 s, as can be
seen from the figures, compared with PI, although the proposed
IMC-LDO shows minor improvement in speed overshoot, it
shows some improvement in adjusting time, which indicates that
the dynamic performance of the system is effectively improved.
Therefore, the proposed IMC-LDO is effective in improving the
control performance of the IM control system.

B. Experimental Comparison of PI, SMC, and IMC-LDO

1) Experimental Results at Start-up: The comparison results
between PI, SMC, and IMC-LDO are shown in Fig. 21. The
rotor speed steps up to 1500 r/min with no load. The parameters
of the PI and SMC controllers have been tuned manually to
the best under the same parameters. Fig. 21(a)–(c) shows the
experimental results based on PI, SMC, and IMC-LDO, respec-
tively. Comparing the three controllers, the PI results in a speed
overshoot of 60 r/min, the SMC results in a speed overshoot
of 52 r/min while it is only 30 r/min in the case of IMC-LDO.
The adjusting time of the rotor speed is the smallest based on
IMC-LDO. Compared with PI and SMC, the speed fluctuation

TABLE II
COMPARISON RESULTS UNDER THE THREE METHODS

Fig. 22. Experimental comparison of the two controllers against step load
change at 1500 r/min. (a) PI. (b) SMC. (c) IMC-LDO.

of IMC-LDO in steady state is the smallest. In conclusion, the
adjusting time is the shortest, the speed overshoot is the smallest
and the steady-state performance is the best based on IMC-LDO.

The integral absolute error (IAE) criterion is a stan-
dard performance index, which can be expressed as
IAE =

∫ T

0 |r(t)− y(t)|dt , where r(t) and y(t) are the reference
input and measured variables, respectively and T is the time
when the response tends to be stable. The comparison results
of the three methods are shown in Table II. As can be seen
in Table II, the overshoot, adjustment time, and IAE of the
IMC-LDO control method proposed in this article are smaller
than those of traditional PI and SMC control at 1500 r/min,
which shows the superiority of the proposed IMC-LDO.

2) Experimental Results Against Step Load: Fig. 22 presents
the responses of PI, SMC, and IMC-LDO against step load at
1500 r/min, and the rated load is added at t = 3 s and removed at
t = 7 s. Fig. 22(a)–(c) presents the rotor speed and the a-phase
current based on PI, SMC, and IMC-LDO, respectively. From
the experimental results, it can be seen that PI and SMC result
in a speed fluctuation of 80 and 60 r/min, respectively, while it is
only 40 r/min in the case of IMC-LDO, which shows significant
improvement in overshoot against step load. The adjusting time
of PI, SMC, and IMC-LDO are 1, 0.6, and 0.4 s, respectively,
which indicates that the proposed IMC-LDO has good dynamic
performance and anti-load disturbance performance. The com-
parison results of the three methods are shown in Table III. As
can be seen from Table III, the overshoot, adjustment time, and
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TABLE III
COMPARISON RESULTS UNDER THE THREE METHODS

Fig. 23. Estimated disturbance of LDO against step load change at 1500 r/min.

Fig. 24. Experimental comparison of the two controllers at 1500 r/min with 2
Rs. (a) PI. (b) SMC. (c) IMC-LDO.

IAE of the IMC-LDO control method proposed in this article
are smaller than those of traditional PI and SMC control against
step load change at 1500 r/min, which shows that the proposed
IMC-LDO has better dynamic and steady-state performance.

Fig. 23 shows the estimated load disturbance xd and xq. It can
be observed that LDO can estimate the disturbance caused by
step load change exactly and quickly with low chattering, and
the system robustness is improved based on IMC-LDO.

3) Experimental Results with Rs Variation: Fig. 24 provides
the responses of PI, SMC, and IMC-LDO at 1500 r/min with
2 Rs. Fig. 24(a)–(c) presents the rotor speed and the a-phase
current based on PI, SMC, and IMC-LDO, respectively. As the
experimental results reveal, a steady-state error of 0.1 A results
from the inaccuracy in the stator resistance based on SMC.

Fig. 25. Experimental comparison of the two controllers at 1500 r/min with
1.2 Lm. (a) PI. (b) SMC. (c) IMC-LDO.

However, the steady-state error is eliminated effectively based
on IMC-LDO. In addition, the overshoot of iq is the smallest
in the transient process, and the fluctuation of Δid and iq is the
smallest under IMC-LDO with Rs mismatch in the steady state.
It can be summarized that the proposed method can estimate the
resistive disturbance, and the estimated disturbance converges
to the steady value quickly.

4) Experimental Results With Lm Variation: Fig. 25 provides
the responses of PI, SMC, and IMC-LDO at 1500 r/min under
Lm mismatch when the rotor speed increases to 1500 r/min.
Fig. 25(a)–(c) shows the responses of d-axis current and a-phase
current based on PI, SMC, and IMC-LDO, respectively. As the
experimental results reveal, the current waveforms have a large
overshoot and oscillation at start-up based on PI and SMC,
which are indeed the natural result of the poor relative stability
of the control system under Lm variation. On the contrary,
the overshoot and oscillation are weakened effectively based
on IMC-LDO. Generally, IMC-LDO provides better parame-
ter robustness against Lm variation. The current fluctuation of
IMC-LDO is the smallest in steady state, the adjusting time is
the shortest, and the speed overshoot is the smallest.

C. Experimental Comparison of IMC and IMC-LDO Based on
Sensorless Vector Control

1) Experimental Results at Speed Reversal: The two con-
trol algorithms are compared under different operating condi-
tions based on sensorless vector control (SVC). The responses
during speed reversals are shown in Fig. 26. It can be seen
that the motor decelerates quickly from 1500 to −1500 r/min.
The dynamic responses of both methods are similar. In
Fig. 26(b), the rotor speed remains stable and reliable based on
IMC-LDO, the recovery time of the torque waveforms is smaller,
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Fig. 26. Experimental comparison of the two controllers during speed reversal
based on SVC at rated speed. (a) IMC. (b) IMC-LDO.

Fig. 27. Experimental comparison of the two controllers at 15 r/min. (a) IMC.
(b) IMC-LDO.

Fig. 28. Experimental comparison at 15 r/min with a step load. (a) IMC. (b)
IMC-LDO.

and a smoother switching is achieved at the zero-crossing posi-
tion. In general, IMC-LDO is evidently superior to IMC in terms
of torque and current ripples.

2) Experimental Results at Low Speed: Fig. 27 shows the
responses of the two controllers at low speed. Fig. 27(a) shows
the given speed, estimated speed, and a-phase current based on
IMC, and Fig. 27(b) presents the given speed, rotor speed, and
a-phase current based on IMC-LDO. It can be seen that the rotor
speed can track the given speed rapidly with no fluctuation based
on IMC-LDO. On the contrary, the estimated speed starts slowly
with ripple based on IMC. Furthermore, IMC-LDO based on
SVC has better dynamic and steady-state performance at low
speed.

3) Experimental Results With a Step Load at Low Speed:
Fig. 28 shows the responses of the two methods at low speed,
and the rated load is added at t = 12 s. Fig. 28(a) shows the rotor
speed, torque, and a-phase current based on IMC, and Fig. 28(b)

Fig. 29. Experimental comparison of the two controllers at 15 r/min with 2
Rs. (a) IMC. (b) IMC-LDO.

TABLE IV
MOTOR PARAMETERS

presents the rotor speed, torque, and a-phase current based on
IMC-LDO. From the experimental results, it can be seen that
IMC results in a speed fluctuation of 6 r/min while it is only
4 r/min in the case of IMC-LDO, and the adjusting time of the
rotor speed is smaller based on IMC. It can be seen from the
local enlargement of the steady state, the speed chattering is
smaller based on IMC-LDO. Generally, IMC provides a better
robustness and quickness performance at low speed against a
step load.

4) Experimental Results With Rs Variation: To verify the
performance of parameter variations, Fig. 29 shows the com-
parable results between the conventional IMC and the proposed
IMC-LDO based on SVC. The resistance Rs is selected as the
tested parameter. Fig. 29(a) shows the rotor speed and the current
based on IMC, and Fig. 29(b) presents the rotor speed and the
current based on IMC-LDO. It can be seen that the overshoot of
iq is smaller in the transient process, the adjusting time is shorter,
and the rotor speed fluctuation is smaller under IMC-LDO in
the steady state. Therefore, IMC-LDO has better robustness and
quickness to the mismatched parameters at low speed.

D. Experimental Comparison of IMC and IMC-LDO Based on
the High-Power Motor

To validate the feasibility of the proposed method based on
the high-power motor, a contrast experiment is carried out by
using a 45-kW IM. The IM parameters are listed in Table IV.

1) Experimental Results at Speed Reversal: The two control
algorithms are compared under different operating conditions
based on the high-power motor. The responses during speed
reversals are shown in Fig. 30. It can be seen that the motor
decelerates quickly from 1500 to −1500 r/min. The dynamic
responses of both methods are similar. In Fig. 30(b), the rotor
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Fig. 30. Experimental comparison of the two controllers during speed reversal
at rated speed. (a) IMC. (b) IMC-LDO.

Fig. 31. Experimental comparison of the two controllers at 1500 r/min. (a)
IMC. (b) IMC-LDO.

Fig. 32. Experimental comparison of the two controllers at 150 r/min with 2
Rs. (a) IMC. (b) IMC-LDO.

speed remains stable and reliable based on IMC-LDO, and a
smoother switching is achieved at the zero-crossing position. In
general, IMC-LDO is evidently superior to IMC in terms of the
current ripples.

2) Verification of the Dynamic Performance: The comparison
results between IMC and IMC-LDO are shown in Fig. 31. The
rotor speed steps up to 1500 r/min with no load. Fig. 31(a) shows
the experimental results based on IMC, and Fig. 31(b) shows
the experimental results based on IMC-LDO. Comparing IMC
and IMC-LDO, IMC controller results in a speed overshoot of
70 r/min while it is only 50 r/min in the case of IMC-LDO.
Compared with IMC, the current fluctuation of IMC-LDO in
steady state is smaller. In conclusion, the speed overshoot is
smaller and the steady-state performance is better based on IMC-
LDO.

Fig. 33. Experimental result based on IMC-LDO with no load at 15 r/min.

Fig. 34. Experimental results based on IMC-LDO with a step rated load from
0% to 150% rated torque at 30 r/min.

3) Experimental Results With Rs Variation: To verify the
performance of parameter variations, Fig. 32 shows the com-
parable results between the conventional IMC and the proposed
IMC-LDO. The resistance Rs is selected as the tested parameter.
Fig. 32(a) shows the rotor speed and the current based on IMC,
and Fig. 32(b) presents the rotor speed and the current based on
IMC-LDO. It can be seen that the overshoot of the rotor speed
is smaller in the transient process, the adjusting time is shorter,
and the rotor speed fluctuation is smaller under IMC-LDO in
the steady state. Therefore, IMC-LDO has better robustness and
quickness to the mismatched parameters at low speed.

E. Experimental Verification During Low Speed and High
Torque Condition

Fig. 33 shows the steady state and transient responses based on
IMC-LDO with no load, and the rotor speed is 15 r/min. It can be
seen that the overshoot of rotor speed and torque current is small
in the transient process, and the fluctuation of rotor speed and
torque current is also small under IMC-LDO. Fig. 33 indicates
the feasibility and effectiveness of the proposed method under
the condition of low speed.

In order to evaluate the effectiveness of the proposed method
under high torque condition, a loading experiment is imple-
mented at 30 r/min. Fig. 34 presents the experimental results
based on IMC-LDO at 30 r/min when a step rated load with 150%
rated torque is added. At the beginning, the motor is operating
at 30 r/min with no load. Then a step rated load is added at t =
4 s and removed at t = 16 s. It shows that the current waveform
is not distorted and remains sine, the motor can operate stably
and the control system based on IMC-LDO has good loading
ability under high torque condition.
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Fig. 35. Experimental comparison of the two observers against a step rated
load change at 1500 r/min. (a) IMC-LDO. (b) IMC-ESO.

Fig. 36. Experimental comparison of the two observers against a step rated
load change at 30 r/min. (a) IMC-LDO. (b) IMC-ESO.

TABLE V
COMPARISON RESULTS UNDER THE TWO METHODS

F. Experimental Comparison Between IMC-LDO and
IMC-ESO

Fig. 35 presents an experimental comparison of the two ob-
servers against a step rated load change at 1500 r/min. Fig. 35(a)
presents the rotor speed and current based on IMC-LDO, and
Fig. 35(b) presents the rotor speed based on IMC-ESO. Fig. 36
presents an experimental comparison of the two observers
against a step rated load change at 30 r/min. Fig. 36(a) presents
the rotor speed and current based on IMC-LDO, and Fig. 36(b)
presents the rotor speed based on IMC-ESO. From the experi-
mental results, it can be seen that when the rated load is added
and removed, the overshoot and adjustment time corresponding
to the IMC-LDO is smaller than the overshoot and adjustment
time corresponding to the IMC-ESO. The comparison results of
the two methods are shown in Table V. It can be seen that the
speed overshoot, adjustment time, and the IAE of the IMC-LDO
are smaller than those of IMC-ESO against step load change at
1500 r/min and 30 r/min, which shows that the proposed LDO
has better performance than the ESO.

Fig. 37. Experimental comparison of the rotor speed and the current at 30 r/min
with 3.5 Rs. (a) IMC. (b) IMC-LDO.

Fig. 38. Experimental comparison of the rotor speed and the current at
150 r/min with 3.5 Rs. (a) IMC. (b) IMC-LDO.

Fig. 39. Experimental comparison of the rotor speed and the current at
1500 r/min with 3.5 Rs. (a) IMC. (b) IMC-LDO.

G. Experimental Results With 3.5Rs Variation

Fig. 37 shows the responses of IMC and the proposed method
at 30 r/min with 3.5 Rs. Fig. 37(a) and (b) shows the rotor speed
and the current based on IMC and IMC-LDO, respectively. It can
be seen that the adjusting time of the conventional IMC is longer
than that of the proposed method. Moreover, the fluctuations
of speed and current are smaller under the proposed method.
Fig. 38 depicts the responses of the conventional IMC and the
proposed method at 150 r/min with 3.5 Rs. It can be seen that
IMC results in a relatively large rotor speed fluctuation while
it is small in the case of IMC-LDO. Besides, the overshoot of
the torque current is smaller in the transient process under the
proposed IMC-LDO.

Fig. 39 illustrates the responses of the conventional IMC and
the proposed IMC-LDO at 1500 r/min with 3.5 Rs.. Fig. 39(a)
and (b) shows the rotor speed and the current based on IMC
and IMC-LDO, respectively. It can be seen that the overshoots
and fluctuations of the torque current and speed are smaller
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under the proposed method with 3.5 Rs. Figs. 37–39 indicate
that the proposed method has better robustness when parameters
mismatch.

H. Basic Principle of Luenberger Observer

The state observer can be established based on the state
equation of the system. The Luenberger state observer makes
a difference between the measurable and the estimated quantity
of the system, then takes the error as the system feedback, next
selects the appropriate gain of the feedback matrix through the
pole assignment of the observer to make the feedback error
close to zero. Therefore, the observed state quantity can quickly
approach the system state quantity, and finally, the state quantity
to be observed is obtained.

The design of the Luenberger state observer is as follows:
the measurable state variable and the observed state variable
are regarded as the state variables of the system, then the state
equation of the controlled object is{

ẋ = Px + Mv
y = Nx

(29)

where x is the state variable of the system, v is the input of the
system, and y is the output of the system.

Then, by using the feedback control principle, the output error
(ŷ − y) of the system is introduced into the state in (29) of the
controlled object through the feedback matrix H, that is to say,
the Luenberger state observer of the system is constructed as
follows: {

˙̂x = P x̂+Mv +H(y − ŷ)
ŷ = Nx̂.

(30)

The expression of system state estimation error is

˙̃x = ẋ− ˙̂x = (Px+Mv)− (P x̂+Mv +Hy)

= P (x− x̂)−HN(x− x̂)

= (P −HN)(x− x̂)

= P̃ x̃. (31)

The solution to this equation is

x̃(t) = eP̃ tx̃(0). (32)

It can be seen from (32) that the convergence rate of state
estimation error depends on the eigenvalue of P̃ , that is, x̂(t)can
converge to x(t) at any speed.

To solve the problem of how to configure the eigenvalues of
P −HN arbitrarily, there are the following pole assignment
theorems.

The state quantity of the system [A, B, C] can be estimated
by the state observer in (31). The complete observability of the
system [A, B, C] is a necessary and sufficient condition for the
arbitrary assignment of its poles.

Proof: Based on the dual principle, if the system [A, B, C]
is completely observable, then its dual system is completely
controllable. Let the dual system be [A∗, B∗, C∗], and then

rank(s∗) = rank[B∗ A∗B∗ A∗2

B∗ · · · A∗n−1

B∗ ]. (33)

Its poles can be configured arbitrarily by the state feedback
matrix, since

|sI − (A∗ +B∗K)| = ∣∣sI − (AT +CTK)
∣∣

=
∣∣∣sI − (A+KTC)

T
∣∣∣ = ∣∣sI − (A+KTC)

∣∣ . (34)

So, make

KT = −H. (35)

Then, the following equation is obtained:

|sI − (A∗ +B∗K)| = |sI − (P −HN)| . (36)

The right side of the above-mentioned formula is the char-
acteristic polynomial of the observer, and its poles can be
arbitrarily allocated through the selection of H.
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