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Taoming Wang , Student Member, IEEE, Guangzhao Luo , Senior Member, IEEE, Zhe Chen , Member, IEEE,

Wencong Tu , Member, IEEE, and Chunqiang Liu , Member, IEEE

Abstract—Electrohydrostatic actuator (EHA), composed of
permanent-magnet motors, is an integrated local hydraulic actua-
tion system and has been utilized as the flight surface actuation in
all/more electrical aircraft. The motor drives of the EHA require
a strong antidisturbance performance and robustness owing to
the “variable speed/ variable load” conditions, which presents a
challenge for the traditional field-oriented control. In this study, an
improved robust model predictive speed control is put forward to
enhance the load rejection performance and robustness. The char-
acteristics of the aerodynamic load and the loads on the swash plate
axial piston pump are first examined. Following the investigation
of the discretization-related errors, the second-order modified dis-
crete model based on the forward Euler (FE) and backward Euler
(BE) methods both is presented. Based on the modified FE discrete
model, a modified extended state observer (ESO) is presented to
obtain a more accurate estimate of the disturbance during the tran-
sient state. Meanwhile, to lessen the effect of the mismatched inertia
moment on the ESO, a modified moving horizon estimator based on
the multiinstant BE discrete model is proposed . Finally, simulation
and experiment results demonstrate the effectiveness, improved
antidisturbance performance, and robustness by contrasting the
proposed approach with the conventional model predictive speed
control.

Index Terms—Model predictive control (MPC), robust control,
variable speed drives.

I. INTRODUCTION

THE concept of power-by-wire (PbW) is introduced to the
actuation system of flight surfaces in all/more electrical
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Fig. 1. Block diagram of the EHA system.

aircraft. By transferring electrical control signals to the actu-
ation system, the flight surface can be controlled with effi-
ciency and reliability. An electrohydrostatic actuator (EHA),
composed of a permanent-magnet motor speed drive system and
a self-contained hydraulic system, is one kind of PbW actuation.
According to the control signal sent by the flight computer, the
speed and steering of the motor drive system are adjusted to
achieve the contraction and extension of the stroke rod. Fig. 1
shows the EHA system composition.

Through decades of development, the EHA has been em-
ployed in the flight surface control actuation system of modern
commercial aircraft, e.g., the aileron of the B787 and A350 [1].
Compared with the centralized hydraulic actuation systems, the
EHA has the advantages of higher reliability and lower weight
due to the reduction of hydraulic pipes and valves. By employing
the EHA, the reduced weights for the aircrafts A320, A340, and
A380 are 100, 250, and 450 kg, respectively [2]. In the future, the
solution for the EHA will be developed in the direction of high
hydraulic pressure and high rotor speed to increase the power
density.

The EHA works under variable load and variable speed
conditions during the flight process. Considering the existence
of aerodynamic load, the disturbance rejection performance of
the EHA is essential. In addition, the swash plate angle of the
EHA pump would be changed to adjust the displacement in real
time, which cause a change in motor inertia load. Therefore, the
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motor drive system serves as the power transfer source of the
EHA, it is essential to improve the antidisturbance performance
and robustness of the variable speed motor drive system. Be-
sides, the required high control performances are a challenge
for the traditional field-oriented control adopted in the motor
control loop in the EHA. In recent years, to improve the con-
trol performance, many enhanced control strategies have been
explored for the motor drive system of the EHA, e.g., nonlinear
proportional-integral-derivative (PID) [4], sliding-mode control
[5], and fuzzy control [6]. However, experiments are required to
obtain the optimal PID parameters for the highly nonlinear EHA
plant model. Other complex control strategies would increase the
computational burden of digital processors. Meanwhile, most of
the control strategies do not compensate the internal and external
disturbances.

Model predictive control (MPC) has been receiving abundant
attention due to the advantages of sample, intuitive, and flexible
integration of constraints [42]. The model-based control strategy
with rolling optimization makes MPC output local optimal
variables in every control cycle [7]. MPC can be divided into
two types that include finite-control-set model predictive con-
trol (FCS-MPC) and continuous-control-set model predictive
control (CCS-MPC) [8]. For the FCS-MPC, the multiobjectives
cost function is used to evaluate all candidate voltage vectors.
To achieve high dynamic speed tracking performance, model
predictive direct speed control (MPDSC) based on FCS-MPC is
proposed by integrating the outer and inner loops into one control
loop [9], [10], [11]. Although the MPDSC has a cost function
that can be set flexibly and demonstrates an improved dynamic
behavior, but the numbers of weighting factors should be tuned
to optimal values. Meanwhile, the stability and robustness of the
control system need to be explored due to the limited margins
of the single-loop structure.

CCS-MPC calculates and outputs continuous state quanti-
ties according to predefined optimization criteria, and has the
characteristics of high dynamic performance. To realize that
motor speed tracks reference quickly and smoothly, continuous-
control-set model predictive speed control (CCS-MPSC) has
been proposed [12]. CCS-MPSC, which has a cascade control
structure, adopts a mechanical dynamic model as prediction
model and calculates q-axis current reference based on the pre-
determined control law. Ahmed et al. [13] compare the dynamic
experiment behavior of MPSC based on FCS and CCS, respec-
tively. To improve the disturbance rejection performance, the ul-
tralocal model is presented by combining uncertain and inaccu-
racy parameters into lump disturbances. The lump disturbances
and state variables of CCS-MPSC can be identified by classical
observers such as recursive least square (RLS), extended state
observer (ESO), and sliding-mode control (SMC). In [14], flux
linkage and speed variables are estimated by RLS and integral
sliding-mode observer to improve the robustness of the control
system. Besides, several novel CCS-MPSC based on improved
SMC are explored, in which a new cost index is designed [15],
[16], [17], [18]. Active disturbance rejection control (ADRC),
proposed by Han, is implemented in motion control due to
the advantages of rich theoretical basic and strong disturbance
rejection performance. Many recent works have been presented

based on ADRC and MPC. In [19], linear ESOs are applied in
CCS-MPSC to improve the control performance. In [20] and
[21], variable bandwidth ESO and control law based on the fal
function are presented to CCS-MPSC. However, the impact of
mismatched mechanical parameters has not been considered. In
[22], a novel ESO with parameter identification is proposed to
improve the accuracy of the prediction model. Unfortunately,
the accuracy of the discrete model has not been analyzed, which
has potential to be further improved.

In this article, to oscillate the impact of load torque and
mismatched mechanical parameters, a novel robust CCS-MPSC
with a modified discrete model is proposed. The contributions
of this article are described as follows.

1) To improve the accuracy of the predictive model in tran-
sient state and steady state, the modified second-order for-
ward Euler (FE) and backward Euler (BE) discrete models
are presented. Comparing with classical discrete models,
the discretization error can be reduced significantly.

2) Based on the modified second-order FE discretized me-
chanical dynamic equation, a modified ESO (MESO)
is proposed to obtain a more precise estimated result.
Meanwhile, a novel control law based on modified ESO
is proposed to improve the transient-state and steady-state
performance.

3) The impact of the mismatched moment of inertia on ESO
is analyzed in the z-domain. To eliminate the impact, a
modified moving horizon estimator (MMHE) with long
horizon is presented based on the modified second-order
BE discrete model. The estimated inertia moment is used
to improve the antidisturbance and robust performance.

4) The magnitude characteristic of the proposed method
affected by weighting factors is analyzed by the Bode inte-
gral theorem in the z-domain. Meanwhile, the calculation
process of the basic weighting factors is presented. The
proposed method is implemented in field-programmable
gate array (FPGA), in which the parallel pipeline archi-
tecture is adopted to reduce the computational burden.

The rest of this article is organized as follows. Section II
explores the attributes of EHA disturbances and the causes of
perturbed inertia moment. Section III describes the investigation
of the conventional CCS-MPSC based on ESO. Section IV pro-
poses a novel robust CCS-MPSC based on MESO and MMHE.
Section V proves the validity of the proposed robust CCS-MPSC
by simulation and experiment. Finally, Section VI concludes this
article.

II. CHARACTERISTICS OF EXTERNAL AND INTERNAL

DISTURBANCES

It is well known that external aerodynamic disturbances (e.g.,
gust and turbulence) and internal disturbances (e.g., friction and
pump load) would generate a negative impact on the speed track-
ing performance of the EHA. Therefore, a study on upcoming
loads is essential and is beneficial for designing an improved
control method for the motor variable speed drive system of the
EHA.
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Fig. 2. Aircraft facing a spatially frozen turbulence field.

Fig. 3. Discrete gust at 200-m/s airspeed.

A. External Disturbances

The EHA in a cruise flying aircraft will be affected by external
working environment disturbances that are mostly composed
of the encountering gusts. Generally, gusts are assumed to be
frozen in space. That means a gust will affect the flight surface
with identical amplitude. The duration depends on the aircraft’s
forward velocity [23]. Fig. 2 shows the aircraft facing a gust field.
According to the CS25 certification from the European Aviation
Safety Agency and FAR25 (Federal Aviation Regulations, Part
252), disturbances are classified into two categories: discrete
gust (1-cos) and continuous turbulence.

The shape of one-minus-cosine (1-cos) gust is specified as

S =
1

2
S0

(
1− cos

2πV

2H
t

)
, 0 ≤ t ≤ 2H

V
(1)

whereS is the gust velocity;S0 is the maximum gust velocity;V
means airspeed; andH is the gust gradient that varied between 9
and 107 m for the case of the commercial aircraft. Fig. 3 shows
the 1-cos gusts at 200 m/s with 9∼107-m gradient. The 1-cos
gusts are seen as the main load that need to be reduced for the
wing load alleviation system [24]. Considering EHAs placing
in the ailerons, the discrete 1-cos gusts can be seen the external
loads.

The continuous turbulence is typically irregular, which can be
idealized as a “stationary Gaussian random process” [25]. The
Gaussian random process can be simplified as the combination
of the infinite number of sinusoidal components with random
amplitude and frequency. In that case, continuous turbulence is
formed by the combination of multiple discrete gusts, whose
frequencies are typically below 30 Hz [23].

Fig. 4. Block diagram of motor drive axial piston pump.

B. Internal Disturbances

For the variable pump variable motor EHA (VPVM-EHA), a
variable displacement swash plate axial piston pump is driven
by a permanent-magnet motor to transfer mechanical energy
due to high operating efficiencies (85%–95%) and pressure (42
MPa). Assuming the piston pump and hydraulic oil work in
ideal condition without energy loss and with constant pressure,
the pump load characteristics are explored as follows.

The axial piston pump is composed of machine components,
including odd/even number of pistons, shaft, swash plate, cylin-
der, etc. Fig. 4 shows the pump configurations [26]. The input
shaft load is calculated by summing all the forces exerted on the
components. Thus, the average load T̄ acting on the input shaft
is expressed as

T̄ =
N

π
Aptan (α) rPd

(
1− Pi

Pd

)
(2)

where Ap means cross-sectional area of a single piston; α is the
swash plate angle; r is the piston pitch radius; N is total number
of pistons;Pd is the pump discharge pressure; andPi is the pump
intake pressure.

Ignoring the load ripples during the piston pass from the intake
port to the discharge port (1.5% amplitude of loads), the average
input shaft load is a constant load for a known configuration [27].

C. Perturbed Inertia Moment of the Motor Drive System in the
EHA

Due to the requirement of high maneuver, the flight surface
is controlled frequently in “high hydraulic pressure/ large pump
displacement/ variable motor speed” conditions. To obtain the
required pump displacement, the displacement can be changed
by adjusting the angle of the swash plate. According to [28],
the inertia forces vary with angle of the swash plate in a cosine
trend. Meanwhile, increased pump speed would increase the
inertia force and centrifugal moments. In that way, the inertia
moment of the motor drive system is a coefficient that needs
to be identified in real time to improve the accuracy of the
motor mathematical model. Therefore, the robustness against
the mismatched inertia moment of the motor drive system is
essential to be improved. Table I summarizes the disturbances
of the EHA.
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TABLE I
DISTURBANCES OF THE EHA

III. PRINCIPLE OF THE CONVENTIONAL CCS-MPSC BASED ON

THE ESO

A. Mechanical Dynamic Model of the Surface-Mounted
Permanent-Magnet Synchronous Motor (SPMSM)

Due to the high torque-to-current ratio and high efficiency,
an SPMSM is widely utilized in the EHA [29]. The mechanical
dynamic model of the SPMSM is expressed as{

dωm

dt = 1
J [Te −Bωm − Csign (ωm)− TL]

dTL

dt = d, dJ
dt = 0, dB

dt = 0, dC
dt = 0

(3)

where ωm is the rotor angular velocity; J is the moment of
inertia; B and C are the viscous and Coulomb friction torque
coefficients, respectively; and TL is load torque of the SPMSM.
The derivations of the mechanical parameters J , B and C are
assumed to be zero because of the low varying rate.

Due to the lack of rank, the multimechanical parameters in (3)
cannot be identified at the same time, especially whendωm/dt =
0 in steady state [30]. To address this problem, the ultralocal
prediction model is presented by combining load torque and
inaccuracy mechanical parameter loads to the lump load Tf ,
which is expressed as⎧⎪⎪⎨

⎪⎪⎩
J

dωm

dt
= Te − Tf (4a)

dTf

dt
= g (4b)

where definingΔB,ΔJ , andΔC as perturbed value andJ0,B0,
and C0 as initial value, lump disturbance is defined as follows:

Tf = [(B0+ΔB)ωm+(C0+ΔC) sign (ωm)+TL]+ΔJ
dωm

dt
.

(5)
By adopting ultralocal model, the number of mechanical

parameters is reduced. Based on (4), a conventional CCS-MPSC
based on extended state observer (ESO) is presented.

B. Conventional CCS-MPSC Based on ESO

By using the FE method, the ESO taking ωm and d (d =
−Tf/J) as variables is designed as follows:⎧⎪⎨
⎪⎩
eω (k) = ω̂m (k)− ωm (k)

ω̂m (k + 1)= ω̂m (k)+Ts

[
1
J Te (k)+d̂ (k)

]
− Tsβ1eω (k)

d̂ (k + 1) = d̂ (k)− Tsβ2eω (k)
(6)

where β1 = 2ω0 and β2 = ω2
0 are gains of the ESO according

to the analysis of stability [3]; ω0 represents the bandwidth of

Fig. 5. Block diagram of the conventional CCS-MPSC.

the ESO;Ts is the sample period of the external loop; and ω̂m(k)

and d̂(k) means the estimated rotor angle velocity and estimated
load at k instant.

The cost function is designed as follows:

Jc = [ω∗
m − ω̂m (k + 1)]2 (7)

where ω∗
m represents the reference angle velocity. By solving

∂Jc/∂Te(k) = 0, the optimal control law is obtained, which is
shown as follows:

T ref
e =

J [ω∗
m − ω̂m (k + 1)]

Ts
− Jd̂ (k + 1) (8)

where d̂(k) is identified by the ESO in (6). The diagram of the
conventional CCS-MPSC is shown in Fig. 5 based on the control
cycle Ts = 100 μs. The design of the control law is character-
ized by the high dynamic performance, but is prone to oscillation
at the reference point. Besides, the accurate initial parameters
are necessary for (8), which means the mismatched moment of
inertia would generate deviation for the torque reference.

C. Analysis of Impact on the Moment of Inertia

To analyze the influence of inertia moment, the state-space
equation of the conventional CCS-MPSC with variablesX(k) =

[ω̂m(k) d̂(k) ωm(k)]
T

and input u(k) = Tf (k) is designed
as follows:

X (k + 1) = GX (k) +Hu (k)

Y (k) = CX (k) +Du (k) (9)

where

G =

⎡
⎢⎣
1− z − Tsβ1 Ts − zTs Tsβ1

−Tsβ2 1 Tsβ2

−z −zTs 1

⎤
⎥⎦

H =
[
0 0 −Ts/J

]T
C =

[
0 0 1

]
D =

[
0 0 0

]
Y (k) = ωm (k).
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Fig. 6. Bode diagram of (10) with inertia coefficients J0, 2J0, and 0.5J0,
respectively.

The disturbance transfer function F (z) can be derived as

F (z) =[−2z2 +
(
T 2
s β2 − Tsβ1 + 3

)
z + Tsβ1 − T 2

s β2 − 1
]
Ts/J

−2z3+(5−2Tsβ1)z2+(3Tsβ1−2T 2
s β2−4)z+T 2

s β2−Tsβ1+1
.

(10)

The corresponding Bode diagrams with different inertia co-
efficients are shown in Fig. 6. The period is set as Ts = 100 μs.
The magnitude of the output variable ωm(k) is increased with
the inertia factor J changed from J0/0.5 to 2J0 within input
frequency 100∼104 rad/s. Thus, the changed inertia coefficient
has an impact on the disturbance rejection capability of the
conventional CCS-MPSC.

To improve the antidisturbance performance and the robust-
ness against the perturbed the moment of inertia, a novel robust
CCS-MPSC is proposed in this article.

IV. PRINCIPLE OF THE PROPOSED ROBUST CCS-MPSC

A. Modified Discrete Model of Motion Equation

According to (4), the discretization of the rotor angle velocity
is essential to implement in the digital processor. Based on a
truncated Taylor series expansion, the commonly used discrete
methods are classical FE (explicit) method and BE (implicit)
method, and are expressed as

FE : yn+1 = yn + hf ′ (yn, tn)

BE : yn+1 = yn + hf ′ (yn+1, tn+1) (11)

where h = tn − tn−1 is the step size; and yn means variable at
the nth time step. Meanwhile, the truncated second-order Taylor
discretization is shown as

yn+Δn = yn +Δhf ′ (yn, tn) +
Δh2f ′′ (yn, tn)

2
(12)

where Δh = tn+Δn − tn.
The FE method is usually used to discretize the motion

equation in CCS-MPSC, which has a simple form and is easy
to implement. In this article, to reduce the truncated error of
the Taylor series expansion, the modified CCS-MPSC is investi-
gated based on the second-order discretization of the mechanical
dynamic model. Deriving both sides of the equal sign of (4a),

Fig. 7. Discretization errors of several discrete models.

TABLE II
PARAMETERS FOR THE SPMSM

the following equation can be obtained:

J
d2ωm

dt2
=

dTe

dt
− dTf

dt
. (13)

Based on (12) and (13), the left side of the equal sign of (13)
at k-instant can be derived as follows:

J
d2ωm

dt2
=

2J

T 2
s

[
ωm (k + 1)− ωm (k)− Ts

dωm

dt

]

=
2J

T 2
s

[ωm (k + 1)− ωm (k)]− 2

Ts
[Te (k)−Tf (k)] .

(14)

By using FE and BE, the right side of (13) at k-instant is
decomposed into the following equations, respectively:

dTe

dt
− dTf

dt
=

{
Te(k+1)−Te(k)

Ts
− Tf (k+1)−Tf (k)

Ts
(15a)

Te(k)−Te(k−1)
Ts

− Tf (k)−Tf (k−1)
Ts

. (15b)

In the aforementioned equation, the lump disturbance Tf of
adjacent periods is assumed as two different values considering
the existence of discrete load. Here, the discretization errors be-
tween the sampling angle velocity and computed angle velocity
derived at k instant by several kinds of discretized models are
investigated, and simulation results are shown in Fig. 7. The
parameters of the SPMSM are shown in Table II. The speed
reference is set as 1000 r/min at 0 s and changed to 1200 r/min
at 0.01 s without load torque. It can be seen the maximum
discretization error for the classical FE and BE method are
both 1.3 rad/s, which occurs during the dynamic speed tracking
process. The error for the modified FE and BE methods are
smaller than the classical method at the transient state, which
are 0.05 and 0.0005 rad/s, respectively. At steady state, the
discretization errors for the classical FE and BE method are
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TABLE III
ANALYSIS OF THE DISCRETE MODELS

around −0.02∼0.02 rad/s, and are almost the same as the one
of the modified FE method that is around −0.008∼0.03 rad/s.
Besides, the modified BE method has smaller discretization
errors than the modified FE method. Table III summarizes the
discretization errors of the discrete models.

Based on aforementioned analysis, the modified FE and BE
methods are adopted to improve the performance of CCS-
MPSC.

B. Novel CCS-MPSC Based on the Modified ESO

By combining (14) and (15b), the modified second-order BE
discrete model of rotor angle velocity at k-instant is shown as
follows:

ωm (k) = ωm (k − 1) +
Ts

2J
[3ΔTe (k − 1)−ΔTe (k − 2)]

(16)
where ΔTe (k) = Te (k)− Tf (k).

Then, ESO based on the modified second-order FE discrete
model can be obtained as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

eω (k) = ω̂m (k)− ωm (k)

ω̂m (k + 1) = ω̂m (k) + Ts[aTe (k)− aTe (k − 1) + r̂ (k)

−r̂ (k − 1) /3]− Tsβ1eω (k)

r̂ (k + 1) = r̂ (k)− Tsβ2eω (k)

(17)

where parameter a = 3/2J ; estimated disturbance r̂(k) =
−TL/3a; and gains β1 and β2 are similar with (6).

Compared to the conventional ESO, the torque and estimated
lump load of the modified ESO (MESO) at the previous instant
need to be recorded iteratively and applied as variables to im-
prove the accuracy of the model.

To improve the control performance, this article presents a
cost function based on the prediction functional control strategy
[31], which is shown as

Jc = FTQF +R|Te|2 (18)

whereF = Xr (k)−Xp(k)− E(k);Xr(k) represents the ma-
trix of speed reference;Xp(k) is matrix of predicted speed value;
E(k) is matrix of prediction error; Q and R are coefficients
matrix; and Te is torque term to balance performance.

Comparing to the conventional cost function (7), prediction
error and tracking error are both defined as control objective in
cost function to reduce the prediction errors. Substituting the
variables in (17) into (18), and solving for ∂Jc/∂T 2

e = 0, the

Fig. 8. Block diagram of the proposed CCS-MPSC-based MESO.

output Te with minimum Jc can be obtained as follows:

Te =
[ω∗

m − ω̂m (k + 1) + ω̂m (k)− ωm (k)] aTsQ

(a2T 2
sQ+R)

. (19)

Due to load torque, which can be identified by (17), the torque
reference output of the speed controller is compensated and
defined as follows:

T ∗
e = Te + T̂f (20)

where T̂f = −r̂(k + 1)/3a represents the estimated lump load.
The block diagram of the modified ESO is shown in Fig. 8, where
parameters Γ = aTsQ/(a2T 2

sQ+R), K = Ts (1− 1/3z),
and ξ = Ts(3− z−1)/2J . Q and R denote weighting factors.

It is well known that weighting factor is one of the impor-
tant parameters that affect the control performance effectively.
However, there is no generic theoretical guideline to obtain the
weighting factors. To address this issue, several strategies of
eliminating weighting factors have been proposed. One common
solution is to design the novel cost function with normalized
control targets for equal importance control [36]. This method
cannot produce optimal results in all the operating conditions.
Another strategy is to replace the original variables with a single
new variable [37]. For example, MPTC can use a single stator
flux variable or voltage vector error to represent the torque
error term and stator flux error term [38], [39]. However, this
approach cannot include additional objectives and is not suitable
for other systems. The separate cost function, in which several
control objectives are evaluated sequentially depending on the
importance, is an effective method to eliminate weighting factors
[40], [41]. Despite of avoiding the use of weighting factors, this
method limits the effectiveness of secondary objectives.

While the strategies presented previously eliminate the
weighting factor, they still impose a tradeoff between different
objectives. To obtain suitable weighting factors Q and R, the
discrete Lyapunov function is introduced, which is defined as{

V (k) = [ω∗
m (k)− ω̂m (k + 1)− e (k)]2

V (k + 1) = [ω∗
m (k + 1)− ω̂m (k + 2)− e (k + 1)]2

(21)
where e(k) = ωm(k)− ω̂m(k).
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The derivative of the Lyapunov function ΔV (k) can be ex-
pressed as follows:

ΔV (k) = V (k + 1)− V (k)

= [ω∗
m (k + 1)− ω̂m (k + 2)− e (k + 1)]2

− [ω∗
m (k)− ω̂m (k + 1)− e (k)]2

= [ω∗
m (k + 1)− e (k + 1)]2 + ω̂2

m (k + 2)

− 2ω̂m (k+2) [ω∗
m (k+1)−e (k+1)]+ω̂2

m (k+1)

− [ω∗
m (k)−e (k)]2−2ω̂m (k+1) [ω∗

m (k)−e (k)].
(22)

By defining ω∗
m(k + 1) ≈ ω∗

m (k) = ω∗
m and e(k + 1) ≈

e(k) due to the slow change of the speed variable in adjacent
control period, it yields

ΔV (k) = 2 [ω∗
m − e (k)] [ω̂m (k + 1)− ω̂m (k + 2)]

+ ω̂2
m (k + 2)− ω̂2

m (k + 1). (23)

According to the discrete motion equation and calculated
torque by (19), ΔV (k) can be derived to as follows:

ΔV (k) = [ω̂m (k + 2)− ω̂m (k + 1)] [2e (k)− 2ω∗
m

+ ω̂m (k + 2) + ω̂m (k + 1)]

=
Ts

J
Te (k + 1)

×
[
2e (k)− 2ω∗

m + 2ω̂m (k + 2)− Ts

J
Te (k + 1)

]

=
Ts

J

[ω∗
m − ω̂m (k + 2)− e (k)] 1.5JTsQ

(1.25T 2
s Q+ J2R)

× [2e (k)− 2ω∗
m + 2ω̂m (k + 2)]

−
{
Ts

J

[ω∗
m − ω̂m (k + 2) e (k)] 1.5JTsQ

(1.25T 2
sQ+ J2R)

}2

.

(24)

By defining

3T 2
sQ

1.25T 2
sQ+ J2R

+

(
1.5T 2

sQ

1.25T 2
sQ+ J2R

)2

= 1 (25)

the discrete Lyapunov function can be derived as follows:

ΔV (k) = −[ω∗
m − ω̂m (k + 2)− e (k)]2. (26)

Noting that the derivative of the Lyapunov function is negative
definite. Thus, the proposed method is asymptotically stable.
Assuming weighting factor Q = 2, another weighting factor
R = 5.84 can be solved.

Depending on the specific application requirements, the
weighting factors can be fine tuned. Here, the Bode theorem
in the z-domain is adopted to analyze the magnitude feature of
weightingQ andR. According to Fig. 8, the state-space equation
of proposed CCS-MPSC can be expressed as

X (k + 1) = GX (k) +Hu (k)

Fig. 9. Magnitude characteristics of the proposed CCS-MPSC with Q =
1, 2, 4 and R = 5.84, respectively.

Y (k) = CX (k) +Du (k) (27)

where u (k) = r(k), and the matrices of G, H , C, and D are
as follows:

G =

⎡
⎢⎢⎣
1+aTs (z−z−1+2)−Tsβ1 Ts− Ts

3z
Tsβ1−aTsΓ (1− z−1)

−Tsβ2 1 Tsβ2

TsΓ(−3+4z−1−z−2)
2J

−z
3a

1− TsΓ(3z−1−z−2)
2J

⎤
⎥⎥⎦

H =
[
0 0 −TsΓ(3−z−1)

9

]T

C =
[
0 0 1

]

D =
[
0 0 0

]

X (k) =
[
ω̂m (k) d̂ (k) ωm (k)

]T

Y (k) = ωm (k) .

Based on (27), the disturbance transfer function F (z) can
be derived as (28) shown at the bottom of next page. The
Bode diagram is shown in Fig. 9 according to the transfer
function F (z). In Fig. 9, the ability of proposed method with
R = 5.84 and Q = 4 to suppress low-frequency disturbances
is much higher than that of the method with Q = 1 and 2.
Meanwhile, the strong antidisturbance performance for the re-
duced R will perform if the weighting Q is fixed due to the
same results being calculated by (19). The conclusions can be
used as the guideline to fine tune the weighting factors. To
verifythe aforementioned analysis, the simulation and experi-
ment results with different weighting factors are presented in
Section V.

C. Inertia Estimation Strategy Based on the Modified MHE

According to the analysis in Section III-C, the changed mo-
ment of inertia, which will produce a sudden increase in the
estimated load torque during the speed dynamic tracking, has an
impact on the accuracy of ESO estimation results. The perturbed
estimated load deteriorates the antidisturbance performance of
CCS-MPSC [3]. To alleviate the impact of mismatched inertia
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parameter, a novel moving horizon estimator (MHE) is designed
to identify the moment of inertia online.

The principle of the MHE is same as the CCS-MPC that
uses the rolling optimization strategy [32]. The difference is
that the MHE is utilized to estimate model parameters, but
CCS-MPC is used to track reference. The MHE adopting the
FE method with a long horizon is presented in [33]. Un-
fortunately, the longer the estimation horizon adopted, the
higher the computational burden generated. The large order
of the matrix is not beneficial for the implementation of the
DSP/FPGA. Besides, the stability of the classical MHE has
not been presented. To improve the aforementioned solutions,
this article proposed a MMHE based on the modified BE
method.

The modified second-order BE discrete model of rotor angle
velocity at k-instant is showed as follows:

ωm (k) = ωm (k − 1) +
Ts

2J
[ΔTe (k) + ΔTe (k − 1)] (29)

where ΔTe (k) = Te (k)− Tf (k); ωm(k) represent the sam-
pling value of rotor angle velocity at k instant; and J is the real
inertia moment. Since the modified BE model is composed by
the state variables of the previous moments, it has uncondition-
ally stable properties regardless of the prediction horizon.

Meanwhile, estimated rotor angle velocity based on the initial
moment of inertia J0 is expressed as

ω̂m (k) = ω̂m (k − 1) +
Ts

2J0
[ΔTe (k) + ΔTe (k − 1)] (30)

where ω̂m(k) is the estimated rotor angle velocity with initial
inertia moment J0 at k instant.

By subtracting (29) from (30), the error model of the moment
of inertia can be obtained as

Δω̂m (k) = Δω̂m (k − 1)

+

(
Ts

2J0
− Ts

2J

)
[ΔTe (k) + ΔTe (k − 1)] (31)

where Δω̂m(k) = ω̂m(k)− ωm(k).
Based on (31), the extended model of the MMHE is designed

as {
x̂ (k) = x̂ (k − 1) + λ (k) [u (k)− f̂ (k)]

f̂ (k) = f̂ (k − 1) + Δf̂ (k − 1)
(32)

where state variable x̂(k) is prediction error Δω̂m(k); in-
put u (k) = Ts /2J0; estimated variable f̂ (k) = Ts /2Ĵ ;
Δf̂(k − 1) is incremental term that summed with f̂(k − 1) to
obtain f̂(k); and time-varying parameter λ(k) = ΔTe(k) +
ΔTe(k − 1).

Fig. 10. Diagram of estimating state x̂(k) from x̂(k −N) for MMHE.

And then, the MMHE model at k-1 instant is expressed as

x̂ (k − 1) = x̂ (k − 2) + λ (k − 1)
[
u (k − 1)− f̂ (k − 1)

]
.

(33)
The moment of inertia can be assumed as a constant value

in several adjacent periods due to its slow rate of change. By
substituting (33) into (32), (32) is rewritten as follows:

x̂ (k) = x̂ (k − 2) +
[
u (k)− f̂ (k)

] k−1∑
n=k−2

λ (n) (34)

where
∑k−1

n=k−1 λ(n)=ΔTe(k) + 2ΔTe(k − 1)+ΔTe(k − 2).
Thus, when the estimation horizon extended to past N horizon,
the MMHE with an autoregressive model is derived as follows:

x̂ (k) = x̂ (k −N) +
[
u (k)− f̂ (k)

] k−1∑
n=k−N

λ (n) (35)

where
∑k−1

n=k−N λ(n)= ΔTe(k−N)+2
∑k−1

n=k−N+1 ΔTe(n)
+ ΔTe(k); input u (k) = Ts /2J0; and estimated variable
f̂ (k) = f̂ (k −N − 1) + Δf̂(k −N − 1).

To obtain the accurate estimated value ofΔf̂ , the cost function
is defined as

JMHE = [x∗ − x̂ (k)]2 +ΩΔf̂2 (36)

where reference x∗; andΩ is weighting factor, which determines
the speed of estimator convergence. The inertia moment can be
identified by solving ∂JMHE/∂Δf̂ = 0 for the optimal Δf̂ cor-
responding to the minimum cost function JMHE. The estimated
Δf̂ in (35) is expressed as follows:

Δf̂ (k −N − 1) = −H (k −N)
∑k−1

n=k−N λ (n)[∑k−1
n=k−N λ (n)

]2
+ σ

(37)

where H(k −N) = x̂(k)− x̂(k −N)− [u(k)− f̂(k −N

− 1)]
∑k−1

n=k−N λ(n); and σ is coefficient. Fig. 10 shows
the process of estimating state x̂(k) from x̂(k −N) for the
MMHE.

F (z) =
z(3Tsz−Ts)[−aTsΓz

2+(1−Tsβ1)z+aTsΓ]

[2JTsβ2z3+9z2+(1−3z)3aTsΓ][−aTsΓz2+z+aTsΓ−Tsβ1]−
[
(Tsβ1−aTs−T 2

s β2)z+aTs+
T2
s β2
3

]
[−2JTsβ2z3+3aTsΓ(−3z2+4z−1)]

. (28)
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Fig. 11. Block diagram of the proposed robust CCS-MPSC system.

Fig. 12. Flow chart of the proposed robust CCS-MPSC.

According to (37), identified inertia moment at k instant can
be obtained as follows:

Ĵ = Ts /2
[
f̂ (k −N − 1) + Δf̂ (k −N − 1)

]
. (38)

The estimated moment of inertia Ĵ is updating in MESO in
(17) and (20) to improve the robustness and disturbance rejection
performance of the proposed robust CCS-MPSC. The block
diagram and flow chart of the proposed robust CCS-MPSC are
shown in Figs. 11 and 12, respectively.

V. PERFORMANCE EVALUATIONS

As shown in Fig. 11, finite-control set model predictive torque
control (FCS-MPTC) is utilized as an inner loop controller
due to the advantage of high dynamic performance [43]. The
simulation and experimental results are presented to demonstrate
the effectiveness of the proposed approach.

A. Simulation Results

To verify the correctness of characteristic analysis on weight-
ing factors R and Q in Section IV-B, MATLAB/Simulink

Fig. 13. Simulation results of the proposed CCS-MPSC-based MESO for
different weighting factors R and Q under starting operation and encounter
load condition.

TABLE IV
KEY DESIGN PARAMETERS

results are presented in Fig. 13(a)–(d). The parameters of
the SPMSM and prediction horizon have been shown in Ta-
bles II and IV. The proposed MESO with weighting factors
Q = 1, 2, 4 and R = 5.84 are conducted. The speed reference
is 1500 r/min. At 0.01 s, a sudden load torque of 1 N ·m is
added.

For the motor start condition in Fig. 13, the feedback value of
speed reaches the reference value faster for Q = 4, R = 5.84
(case 3) than Q = 2, R = 5.84 (case 2) and Q = 1, R = 5.84
(case 1). Meanwhile, the overshoots are 6 r/min (case 3),
1 r/min (case 1), and 0 r/min (case 2) in starting condition,
respectively. Besides, for the encountering load condition, the
drop amplitudes of speed at 0.01 s are 8, 12, and 20 r/min
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Fig. 14. Simulation results of the proposed robust CCS-MPSC based on
condition 1. (a) Speed feedback. (b) Estimated load torque. (c) Estimated inertia
moment.

Fig. 15. Simulation results of the proposed robust CCS-MPSC based on
condition 2. (a) Estimated inertia moment. (b) Estimation error between real
inertia moment and estimated inertia moment. (c) Estimated load torque with
MMHE. (d) Estimated load torque without MMHE.

for cases 3, 2, and 1, respectively. Thus, better antidistur-
bance performance is presented for Q = 4. But the draw-
back is that the increased overshoot is simultaneously pre-
sented with the increased Q. Therefore, the demonstrations
shown in Fig. 13 are consistent with the results of the pre-
vious theoretical analysis in Fig. 9. The weighting factors
need to be fine-tuned depending on the specific application
demands.

To verify the effectiveness of proposed method, simulation
results of the proposed robust CCS-MPSC are presented in
Fig. 14(a)–(c). Simulation results shown in Fig. 15(a)–(d) ex-
plore the effect of estimated inertia on the changed speed and
load torque. To investigating the superior performance of the
proposed robust CCS-MPSC comparing to the conventional
CCS-MPSC, simulation results are shown in Fig. 16(a)–(d).
The corresponding conditions and key design parameters are
shown in Table IV. The weighting factors Q and R are set to 2
and 5.84, respectively. The parameter σ is 4 and bandwidth of
MESO is 4000 rad/s by referring to [19] and [33]. The prediction
horizon and control horizon for MESO are both set as 1 due to
the utilization of the deadbeat strategy in (19). Meanwhile, the

Fig. 16. Simulation results of the proposed robust CCS-MPSC and conven-
tional CCS-MPSC based on condition 2. (a) Speed feedback for the proposed
robust CCS-MPSC. (b) Speed feedback for the conventional CCS-MPSC.
(c) Torque feedback for the proposed robust CCS-MPSC. (d) Torque feedback
for the conventional CCS-MPSC.

prediction horizon for the MMHE is set as 3 to improve the
accuracy and convergence rate, and the control horizon is set
to 1.

In Fig. 14, it can be seen that the speed feedback tracks
reference quickly without overshoots at 0.6 s. The estimated
load torque of MESO follows the given load torque quickly
with the bandwidth 4000 rad/s. The estimated inertia moment
tracks the perturbed real inertia moment, which is not affected
by changed load torque and speed. Due to small magnitude
of inertia moment, the minimum accuracy of estimated inertia
moment is 95% (0.2 < t ≤ 0.4, 0.8 < t ≤ 1).

In Fig. 15(a), it can be clearly seen that a convergence pro-
cess of the estimated inertia moment is presented when the
permanent-magnet synchronous motor (PMSM) is working in
the transient state. The estimated inertia moment would converge
to the real inertia moment within 0.04 s. According to Fig. 15(b),
estimation error rates for the final convergent value are 0.55%
(0∼0.15 s and 0.45∼0.6 s), 7.2% (0.15∼0.25 s and 0.35∼0.45
s), and 3.1% (0.25∼0.35 s), respectively. Thus, the accurate esti-
mated inertia moment can be obtained by the proposed MMHE.
According to Fig. 15(c)–(d), due to the large errors between real
inertia moment and initial inertia moment, large estimation error
of load torque is caused during the speed tracking process for
the CCS-MPSC without MMHE, especially errors of 1.8 N ·m
at 0.3 s. Based on the aforementioned, the effectiveness of the
proposed MMHE is verified. And the MMHE is beneficial for
MESO to identify a more accurate load torque value.

The comparison results between the proposed robust CCS-
MPSC and conventional CCS-MPSC are shown in Fig. 16.
According to Fig. 16(a) and (b), speed ripples have occurred
generally in control points for the conventional CCS-MPSC.
And the maximum overshoot is 96 r/min at 0.3 s in Fig. 16(b).
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Fig. 17. Block diagram of the test bench based on zynq 7020.

Fig. 18. Algorithm architecture implemented in FPGA.

Compared to the conventional CCS-MPSC, speed feedback can
be control smoothly and quickly for the proposed CCS-MPSC in
Fig. 16(a), and overshoot are 54 and 35 r/min at 0.1 and 0.3 s, re-
spectively. Meanwhile, when encountering 1-N ·m load torque,
drop amplitude of speed is 8 r/min at 0.15 s for the proposed
CCS-MPSC, while the conventional CCS-MPSC is 10 r/min.
Thus, proposed robust CCS-MPSC shows better antidisturbance
performance. Moreover, better torque tracking performance is
presented for the proposed robust CCS-MPSC according to
Fig. 16(c) and (d). Based on the aforementioned, it can be
concluded that the proposed robust CCS-MPSC has the advan-
tages of small overshoot and high dynamic performance, strong
disturbance rejection ability in speed adjustment, and encoun-
tering load conditions when compared with the conventional
CCS-MPSC.

B. Experiment Results

A test bench based on the ZYNQ7020 chip is utilized to
verify the effectiveness of the proposed robust CCS-MPSC.
The experimental prototype is shown in Fig. 17. To reduce
the computational time, the proposed method is implemented
by the programmable logic (PL) of ZYNQ 7020, which is
executed by the parallel pipeline execution architecture. Fig. 18
illustrates the algorithm parallel architecture implemented in

TABLE V
KEY FPGA DESIGN DETAILS

Fig. 19. Time sequence of the proposed CCS-MPSC.

the FPGA. The clock management module outputs several
clock signals with different frequency to control the calcu-
lation frequencies of the different controllers. The key pa-
rameters are transferred to the proposed speed controller by
the main control computer. The FPGA resource utilization
and execution time are presented in Table V. Noting that al-
gorithm requires a short execution time and that there still
exist free resources available. Meanwhile, the control period
for current loop and speed loop are set as 100 and 200 μs,
respectively.

The sampling phase current variables of the PMSM are ob-
tained by the high-speed AD7606 chip, which has maximum
200 kS/s. To obtain the sampled signal in every control period,
the update frequency of sampled variable in the current loop
is 10 kHz. In addition, the update frequency of the sampled
variable in the speed loop is 5 kHz. Fig. 19 shows the time
sequence of the proposed method. Since the time required
for the analog-to-digital converter (ADC) data processing is
much shorter than the time required for a single control cycle,
the data processing does not affect the control performance
and can be ignored. Meanwhile, due to the deadbeat strat-
egy, the digital delay can be compensated when the predic-
tion horizon is 1. The rotor position and speed variables are
solved by the sampled pulse number of the incremental en-
coder, which is integrated with the PMSM. The tested PMSM
is mechanically connected to the same load PMSM and the
torque transducer by a coupling. The characteristics of dis-
crete 1-cos load and pump load are simulated by the load
PMSM.

1) Weighting Factors Q = 2 and R = 20: First, the weight-
ing factors are set as Q = 2 and R = 20. Other key control
parameters are linked with Table IV. The experiments at rated
speed 3000 r/min are conducted to demonstrate the effectiveness
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Fig. 20. Experiment results of the proposed robust CCS-MPSC. (a) Per-
formances under starting operation and changing load torque condition. (b)
Performances under speed reversal from 3000 to -3000 r/min without load.

of the proposed method, and corresponding results are shown
in Fig. 20(a) and (b). In Fig. 20(a), step speed change from
0 to 3000 r/min for the proposed method in 0.1 s without
overshoot. An initial load torque is used to simulate the input
shaft load of the axial-piston pump. When encountering 1-N ·m
load torque, the settling time and speed overshoot are 0.07 s
and 41 r/min, respectively. The corresponding estimated lump
load torque T̂f changes to 1.3 N ·m at 21 s. The estimated
inertia moment Ĵ can be converged to 1.7 ×10−4 kg ·m2,
which is consistent with the theoretical value for two same
PMSM connected by a coupling. According to Fig. 17(b), the
effectiveness of speed reversal in the full speed range is verified.
Based on the aforementioned, the effectiveness and stability
of the proposed robust CCS-MPSC are verified by experiment
results.

Second, comparison experiment results in steady state and
transient state for the proposed robust CCS-MPSC and conven-
tional CCS-MPSC are presented in Fig. 21(a)–(d). The reference
speed is 1000 r/min. From Fig. 21(a) and (b), it can be clearly
seen that proposed method has a smaller overshoot than the
conventional CCS-MPSC. The estimated lump load torque is
different when the motor start, while the proposed method
demonstrates a more accurate value of 0.3 N ·m, compared
with the conventional method with 1.8 N ·m. Besides, a smaller
q-current ripple is shown in the steady state for the proposed
method with the modified model. From Fig. 21(c) and (d), the
proposed robust CCS-MPSC have a smaller overshoot and a
shorter settling time than the conventional CCS-MPSC when
encounter 1-N ·m load torque. Moreover, the control errors
caused by inaccurate inertia moment is reduced in the proposed
method.

Third, by disconnecting the mechanical connection of the
tested PMSM and load PMSM, speed comparison results with
changed inertia moment J for the proposed method and conven-
tional method are shown in Fig. 22(a) and (b). When step speed
change from 0 to 1000 r/min with changed J , speed ripples are
generated at the reference point, and the overshoot is 130 r/min

Fig. 21. Experimental results of the proposed robust CCS-MPSC and con-
ventional CCS-MPSC. (a) Starting operation (0–1000 r/min) for the proposed
method. (b) Starting operation (0–1000 r/min) for the conventional method.
(c) Encountering 1-N ·m load torque during 1000 r/min for the proposed
method. (d) Encountering 1-N ·m load torque during 1000 r/min for the
conventional method.

for the conventional method. Meanwhile, a large current ripple is
generated in the steady state. Comparing with the conventional
method, the proposed method improves the control performance
by identifying real-time moments of inertia, which is shown in
Fig. 22(c).

Finally, the experimental results of step speed changes with
discrete cos load torque, which simulated the working conditions
in the EHA, are shown in Fig. 23(a)–(g). Considering the ma-
neuverability of the aircraft, the speed reference changes once
every 2 s. The discrete cos load torque with the amplitude of
0.5 N ·m is changing with the speed reference to test the speed
tracking performance of the proposed method. From details in
Fig. 23(c) and (d), the proposed method has a better tracking
performance in the transient state and steady state, while the
speed ripple is ± 4 r/min in steady state and speed drop is
42 r/min at 5.2 s, compared with the conventional method with
± 7 and 60 r/min. Besides, the conventional method shows a
tracking error of 10 r/min. In Fig. 23(e)–(f), the proposed method
has a smaller estimated lump load torque ripples when speed
reference changes, while the load torque ripple is 0.1 N ·m,
compared with the conventional method with 0.15 N ·m. In
Fig. 23(g), estimated inertia moment can be converged to real
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Fig. 22. Experimental results of the proposed robust CCS-MPSC and con-
ventional CCS-MPSC. (a) Starting operation (0–1000 r/min) for the proposed
method with the changed J . (b) Starting operation (0–1000 r/min) for the
conventional method with changed J . (c) Estimated inertia moment J for the
proposed method.

inertia moment in transient state. Thus, it can be concluded that
the proposed robust CCS-MPSC demonstrates better transient-
state and steady-state performances than the conventional
CCS-MPSC.

2) Weighting Factors Q = 2 and R = 5.84: As the weight-
ing factors are changed to Q = 2 and R = 5.84, several ex-
perimental results are also conducted to verify the effective-
ness and present the superior control performance. First, the
control performances under the speed response 0–1500–3000-
r/min operating and speed reversal from 1000 to −1000 r/min
with no load are shown in Fig. 24(a) and (b). It is clearly
seen that the fast speed tracking performance without over-
shoot is demonstrated. The corresponding switching frequency
of the proposed method is within 8–10 kHz. In Fig. 24(c)
and (d), the experimental results for the speed reversal from
1000 to −1000 r/min are presented. The speed ripples are
+1∼−5 r/min. The corresponding switching frequency of the
proposed method is within 6–10 kHz. Thus, the effectiveness
of the proposed method with weighting Q = 2 and R = 5.84 is
verified.

And then, the experimental results under low-speed and zero
speed with nominal torque are shown in Fig. 25(a) and (b).
Noting that amplitude of speed ripple is ±5 r/min. Meanwhile,
the q-axis current presents 0.8-A current ripples. The speed
regulation can be achieved from low-speed 100 to -100 r/min.
In addition, the zero speed with nominal torque operation is
verified.

Fig. 23. Step speed changed by 500 r/min with discrete cos load torque.
(a) Proposed robust CCS-MPSC. (b) Conventional CCS-MPSC. (c) Zoom-in
transient-state performance of the proposed robust CCS-MPSC. (d) Zoom-in
transient-state performance of the conventional CCS-MPSC. (e) Zoom-in esti-
mated lump load torque T̂f for the proposed robust CCS-MPSC. (f) Zoom-in
estimated lump load torque T̂f for the conventional CCS-MPSC. (g) Estimated
inertia moment J for the proposed method.

Besides, the experiments comparing the proposed method and
proportional-integral (PI)-based controller are conducted. The
speed reference is 1000 r/min encountering 1-N•m load torque.
Fig. 26(a) and (b) show the experiment comparisons. The speed
drop of the proposed CCS-MPSC is 38 r/min while PI-based
controller is 52 r/min as load torque change from 0 to 1 N•m.
When load torque changes from 1 to 0 N•m, speed overshoot of
the proposed method is smaller than that of PI-based controller.
Thus, the proposed CCS-MPSC presents stronger load rejection
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Fig. 24. Experiment results of the proposed CCS-MPSC under speed response
0–1500–3000 r/min without load (operation 1) and speed reversal from 1000
to -1000 r/min with no load (operation 2). (a) Speed and dq-axes current for
operation 1. (b) Switching frequency for operation 1. (c) Speed and dq-axis
current for operation 2. (d) Switching frequency for operation 2.

Fig. 25. Experiment results for the proposed method under low speed and
zero speed. (a) Low speed within 100∼-100 r/min. (b) Zero speed with nominal
torque.

ability. Meanwhile, according to Figs. 21(c) and 26(a), the
antidisturbance performance for weighting factors Q = 2 and
R = 5.84 is better than that of Q = 2 and R = 20.

Furthermore, the robustness against mismatched inertial mo-
ment are tested for both PI-based controller and the proposed
method. The control performance is shown in Fig. 27(a) and
(b). The speed PI controller and proposed CCS-MPSC keep
the same parameters under different inertial moment conditions
(proportion parameters and integral parameters are 0.032 and
0.001, respectively). Noting that the speed ripples of the PI-based
controller are ±20 r/min, and large dq-current ripples in steady
state. For the proposed CCS-MPSC, the speed ripple is±5 r/min
and current ripple is ±1 A. The large current ripples will cause
hardware damage and control system instability. Therefore, the
proposed CCS-MPSC performs better in terms of robustness and
reliability than the PI-based controller.

Finally, the comparisons between the proposed robust CCS-
MPSC and conventional CCS-MPSC are demonstrated in

Fig. 26. Experimental results for comparison between the proposed CCS-
MPSC and PI-based controller under 1000 r/min encountering 1-N·m load.
(a) Proposed CCS-MPSC. (b) PI-based speed controller.

Fig. 27. Experiment results for speed from 1000 to −1000 r/min with 2.25J
and no-load. (a) Proposed robust CCS-MPSC. (b) PI-based controller.

Fig. 28(a) and (b). Noting that the speed overshoot of the
proposed robust CCS-MPSC is much smaller than that of the
conventional CCS-MPSC under the mismatched inertial mo-
ment condition. Thus, the speed predictive error for the proposed
method will be reduced. The maximum speed predictive errors
for the proposed method and conventional method are 26 and
450 r/min, respectively. In addition, the estimated error of load
torque for the proposed method is 0.3 N•m, while the conven-
tional method is 1.5 N•m when motor speed changes. Thus, due
to the smaller predictive error, the proposed method performs
better in terms of the robustness and reliability compared with
the conventional method.



WANG et al.: IMPROVED ROBUST MODEL PREDICTIVE SPEED CONTROL WITH INERTIA IDENTIFICATION 13839

Fig. 28. Experimental results of the proposed robust CCS-MPSC and conventional CCS-MPSC with Jreal = 0.5Jinitial. (a) Proposed robust CCS-MPSC.
(b) Conventional CCS-MPSC.

VI. CONCLUSION

This article propose a novel robust CCS-MPSC based on the
MESO and MMHE to enhance the robustness and antidistur-
bance of the PMSM variable speed drive system in the EHA.
Based on the investigation of the external (i.e., aerodynamic
load) and internal (i.e., pump load and perturbed inertia mo-
ment) disturbances in the EHA, the load characteristics of the
PMSM drive system are presented. To improve the accuracy
of the CCS-MPSC discrete model, a modified second-order
discrete model based on the FE and BE methods is proposed.
To enhance the speed tracking capability of CCS-MPSC, the
MESO and MMHE are presented. These modifications take
into account the disturbed inertia moments and unknown distur-
bances in the EHA. The enhanced control law is designed based
on the MESO. The magnitude characteristics of the proposed
CCS-MPSC based on the MESO are investigated by the Bode
integral theorem in the z-domain and verified by simulation.
According to simulation and experimental results, the suggested
robust CCS-MPSC performs better at speed tracking in both
steady-state and transient conditions.
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