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Abstract: Traditional three-phase rectifier DC-link inverters have been used in industry for more than
40 years. However, electrolytic capacitors, which are widely used in traditional inverters, have very
large volumes and can only be used for five years. To solve this problem, a three-phase small-film
DC-link capacitor interior permanent-magnet synchronous motor drive system is investigated in
this paper. This small-film capacitor not only has a longer life and smaller size than an electrolytic
capacitor, but it can also improve the input harmonic currents and power factor on the grid side.
A high-order band-pass filter active damping control is proposed here. In addition, a constrained
predictive speed controller is designed to enhance the transient, load disturbance, and tracking speed
performance. Furthermore, a constrained predictive current controller is implemented to reduce
the three-phase harmonic currents of the motor. A digital signal processor, type TMS-320F-28035,
manufactured by Texas Instruments, is employed as a control center to conduct the whole control
algorithms. Several simulated and measured results are compared to demonstrate the practicability
and correctness of the proposed control algorithms.

Keywords: small-film capacitor; predictive control; high-order band-pass active damping control

1. Introduction

Traditional electrolytic capacitors have been popularly used in DC-link inverters
for more than 40 years due to their energy storage capabilities and excellent DC-voltage
filtering abilities. However, these electrolytic capacitors are very expensive and have large
volumes and a short lifespan. To solve these problems, several researchers have focused
on using small-film capacitors to replace electrolytic capacitors in low-power appliances.
However, by using small-film capacitors, the input currents and DC-link voltages fluctuate
and require advanced control algorithms to smooth the fluctuations. Several researchers
have proposed different control algorithms for these three-phase diode-rectified small-film
DC-link drive systems. For example, Inazuma et al. proposed a repetitive controller, which
was very complicated and required a lot of computation time for a DSP to execute the
control algorithm [1]. Zhao et al. investigated inverter power control in which a phase-
locked loop, a power reference generator, and a power resonant controller were used.
The power control system, therefore, was too complicated [2]. Bau used a hybrid control
for a small DC-link capacitor drive system [3] in which a PI controller and a resonant
controller were used. However, the implementation and analysis of the system were both
very difficult. Son et al. implemented grid current control for a small DC-link capacitor
motor drive system [4], which included current, speed, and power controllers. As a result,
the implemented system became very complicated. Son realized that direct power control
for a small-capacitor DC-link motor drive system required a current reference generator,
motor current control, power control, and phase-locked loop [5]. Li proposed a novel active
damping control [6], in which a DC-link small-film capacitor and a first-order high-pass
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filter were used. However, this did not effectively reduce the output harmonic currents of
the inverter.

Improving the control of the power of small-film DC-link capacitor PMSM drive
systems is important, but only a few researchers have focused on this issue. For example, a
few researchers have recently investigated feedback linearizing control [7], sliding mode
control [8], resonance reduction control [9], voltage modulation techniques which use
virtual positive impedance control [10], and improved fast control of DC-link voltages [11].
However, the control methods proposed in [7–11] were very difficult to implement by using
a DSP.

Little-to-no previous research has been done on using predictive control for three-
phase DC-link capacitor PMSM drive systems. To fill this research gap, in this paper,
predictive speed- and current-loop controllers are implemented to enhance the performance
of three-phase small-film DC-link IPMSM drive systems, which provide good transient
responses, good load disturbance responses, and good tracking responses. In addition,
the harmonic currents of the PMSM are also obviously reduced. The main contributions
of this paper include two parts. The first part proposes a fifth-order band-pass filter to
replace a traditional first-order high-pass filter. By using a fifth-order band-pass filter, the
output a-phase, b-phase, and c-phase currents of the inverter are closer to the desired
square current waveforms. In addition, by using the proposed predictive control, the
dynamic speed responses are greatly improved, and the harmonic currents of the motor
are significantly reduced. Moreover, the predictive controllers are easily implemented by
using a DSP, which only requires simple addition, subtraction, multiplication, division, and
comparison, unlike other advanced control algorithms. The practical applications of this
paper include many home and industrial uses, such as air conditioners, vacuum cleaners,
washing machines, and heaters for diode manufacturing processes [12,13]. To the authors’
best knowledge, the ideas for using predictive controllers that are proposed in this paper
are original and have not been investigated in previous papers [1–13]. Furthermore, a
high-order band-pass filter for active damping control is also an original idea in this paper
and has not been published in previous papers [1–13].

2. Active Damping Controller

An active damping controller is proposed to suppress severe DC-link voltage fluc-
tuations that are caused by small-film DC-link capacitors. The active damping controller
generates compensating voltages ∆vd and ∆vq to reduce the vibrating voltage in the DC-link
and also reduces the input harmonic currents at the AC source. The details are as follows:

2.1. Control Method

Figure 1a is the main circuit of the proposed three-phase full-bridge DC-link capacitor
IPMSM drive system. The main circuit consists of a three-phase AC source, an equivalent
small resistor connected in series to a small inductor, and the three-phase rectifier. The
main circuit of this proposed IPMSM drive system is shown in Figure 1a, which includes a
three-phase AC source, a three-phase rectifier, a small-film DC-link capacitor, an inverter,
and an IPMSM. Figure 1b is the equivalent circuit to explain the damping control. After
using the three-phase rectifier, a DC voltage with six pulsations is generated. Thus, the
current which flows out from the DC voltage with six pulsations can be expressed as iline.
This iline includes three currents: the idc, which is the current flowing into the small-film
capacitor, the iinv, which is the current flowing into the inverter, and the idamp, which is the
current flowing from the active damping controller.
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Figure 1. Block diagram (a) main circuit, (b) damping control, (c) block diagram of damping control.

In the real world, it is not feasible to implement a real damper, which absorbs a lot of
power. In order to obtain a damping effect, an implementation of the damping controller
is shown in Figure 1c. First, the i∗q is compared to the iq to obtain the ∆iq, and then the i∗d
is compared to the id to obtain the ∆id. Next, a current-loop controller is used to obtain
v∗q and v∗d. After the v∗q is added to the ∆vq and (−ωeLqiq), then the v∗d is added to the ∆vd
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and (ωeLdid + ωeλm) to execute the required compensation. Finally, the sums of the d–q
voltages are transformed into v∗a , v∗b , and v∗c . Finally, space-vector modulation is used to
generate PWM signals to trigger the gating signals of the three-leg IGBTs. The DC-link
power, therefore, can be expressed as follows:

PDC−link = iline vdc
= Pinv + Pdamp

= 1.5(id (v∗d + ∆vd) + iq (v∗q + ∆vq)
) (1)

The PDC−link (Watt) in Equation (1), which is the product of the iline (Ampere) and vdc
(Volt), is the input power of the inverter that is shown in Figure 1a,b. In Figure 1c, the idamp
(Ampere) and Pdamp (Watt) are computed to measure the fluctuations by using a high-order
band-pass filter. After that, the ∆vd (Volt) and ∆vq(Volt) can be obtained. After adding the
∆vd to vd (Volt) and by adding ∆vq to vq(Volt), their summations can be obtained. Finally,
by transferring the d–q coordination to the a–b–c coordination and by using space-vector
PWM, the triggering signals of the six IGBTs in the inverter can be received. A closed-loop
damping control, therefore, is achieved. In Figure 1a, we can see that on the left side,
six diodes are used as rectifying diodes to convert the 3-phase AC voltages into the DC
voltage [14]. However, the diodes that parallel the IGBTs are fast free-wheeling diodes, and
they are used to provide current paths when the upper and lower IGBTs are both turned
off [15].

2.2. High-Order Band-Pass Filter Design

In order to reduce the voltage ripples of the DC-link, a fifth order band-pass filter,
which includes a first order high-pass filter and two second-order band-pass filters, is
used (as shown in Figure 2a). The main reason for using the fifth-order band pass filter
is to allow a wider middle-frequency damping current to be injected into the inverter to
reduce the fluctuating currents in the output a-phase, b-phase, and c-phase of the inverter.
Although the performance of the output a-phase, b-phase, and c-phase of the inverter can
be improved by using a seventh-order band pass filter, the design of the seventh order
filter becomes too complicated. As a result, in this paper, a fifth-order band-pass filter is
implemented. After doing some mathematical processes, Figure 2a can be converted into
Figure 2b, which is the transfer function of the fifth-order bandpass filter.

Figure 2. Block diagram of the proposed high-order bandpass filter to generate damping power.
(a) cascaded form, (b) equivalent fifth order band-pass filter transfer function.

The transfer function between idamp to vdc is expressed as follows:

F(s) =
idamp(s)
Vdc(s)

=
N(s)
D(s)

=
K1K2ωB

2s3

s5 + (K2 + K3)ωBs4 + (2 + K2K3)ωB2s3 + (K2 + 2K3)ωB3s2 + (1 + K2K3)ωB4s + K3ωB5 (2)
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The characteristic polynomial of the F(s) is determined by using a pole assignment
technique and can be expressed as follows:

D(s) = (s + P1)
3(s + a + jb)(s + a− jb) (3)

By referring to the previously published paper [16] and setting ωB = 720πrad/s,
we can assign the five locations of the poles as P1 = −0.3, P1 = −0.3, P1 = −0.3, and
−a± jb = −0.3 ± j 2.26. After that, we can determine the parameters of K2 and K3. In addi-
tion, Figure 3 shows the Bode diagram of different values of K1. When K1 is selected as a
small value, the filter performs better but the dynamic response of the damping control
slows down. On the other hand, when K1 has a large value, the performance of the filter is
worse, but the dynamic response of the damping control is faster. As a result, selecting the
value of K1 is a trade-off and is dependent on the designer’s experience. In this paper, the
three parameters of the filter are selected as K1 = 1.05, K2 = 4.11, and K3 = 0.0093.

In this paper, the bandwidth ωB is related to the resonant frequency, which can be
expressed as ωo = 1/

√
LC, with ωo being the resonant frequency. By referring to the

previously published paper [17], the inductance L can be selected to be 1 mH and the
small-film capacitor C can be selected to be 10 µF. As a result ωo is 10,000 rad/s, so the
bandwidth ωB should be low enough to reject the DC-link harmonic voltages with an
oscillation of 10,000 rad/s. However, in the real world, the bandwidth ωB should be more
than five times greater than 60 Hz, and should be selected to be 600π rad/s. As a result,
the selection of the bandwidth ωB is also a trade-off and is dependent on the designer’s
experience. In this paper, the ωB is selected as 720π rad/s.
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3. Predictive Speed-Loop Controller Design

For nearly 200 years, researchers have investigated predictive control because it can
solve the problems of both multi-input multi-output control and single-input single-output
control. In addition, model predictive control provides designers with the ability to deal
with present and future performances of dynamic systems. Recently, thanks to the high
computational capabilities of DSPs and the development of power semiconductor devices,
several new control schemes have been proposed for power converters and motor drives.

In this paper, a speed-loop predictive controller and a d–q axis current-loop predictive
controller are implemented for the first time in an IPMSM drive system as follows:

3.1. Mathematical Model of the Motor Speed Dynamics

In this proposed IPMSM drive system, the speed-loop sampling interval is 1 ms, the
current-loop sampling interval is 100 µs, and the predictive horizontal Np is 1 due to the
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computational capability of the DSP. If we neglect the external load, the dynamic equation
of the speed of the motor is:

d
dt

ωrm =
1
Jt
(Te − Btωrm) (4)

where d
dt is the differential operator, ωrm(rad/s) is the speed, Jt (N.m. s2/rad) is the inertia,

and Bt (N.m. s/rad) is the viscous coefficient. Then the total torque equation of the IPMSM
can be described as follows:

Te =
3
2

P
2 (λm + (Ld − Lq)id)iq

= KT iq
(5)

where P is the pole number, λm (Weber) is the flux of the permanent magnetic flux linkage,
Ld(Henry) is the d-axis inductance, Lq(Henry) is the q-axis inductance, id (Ampere) is the
d-axis current, iq(Ampere) is the q-axis current, and KT(N.m/Ampere) is the torque constant.

By assuming the d-axis current to be zero and substituting Equation (5) into (4),
and then by using Laplace transformation, one can obtain the transfer function of the
uncontrolled plant, which can be expressed as follows:

Gp(s) =
ωrm(s)
ip(s)

= KT
Jts+Bt

(6)

Then one can define the transfer function of the zero-order-hold as follows:

Gzoh(s) =
1− e−sTsp

s
(7)

where Tsp(milli-second) is the sampling time interval of the zero-order-hold and s is the op-
erator of the Laplace transformation in s-domain. By referring to the previously published
papers [18,19], the Tsp is selected to be 1 milli-second for speed-loop control. Next, one can
combine the zero-order-hold and the transfer-function of the uncontrolled plant as follows:

Gsp(s) = Gzoh(s)Gp(s)

=
1− e−sTsp

s
· KT

Jts + Bt

(8a)

After converting Equation (8a) into a z-transformation, one can obtain the following
equation:

Gsp(z) = Z

(
1− e−sTsp

s
· KT

Jts + Bt

)
(8b)

where z is the operator of the z-transformation. Next, by defining the relationship e−sTsp = z−1,
one can derive the Gsp(z) as follows:

Gsp(z) = (1− z−1)Z
(

1
s

KT
Jts+Bt

)
= KT

Bt
(1− z−1)

(
z

z−1 −
z

z−e
− Bt

Jt
Tsp

)
(9)

Then after doing some mathematical processes, the following discrete transformation
Gsp(z) can be shown as follows:

Gsp(z) =
ωrm(z)

iq(z)
=

KT
Bt

1− e−
Bt
Jt

Tsp

z− e−
Bt
Jt

Tsp

 (10)



Energies 2022, 15, 7449 7 of 28

Taking the inverse z-transformation, the discrete time-domain equation can then be
derived as follows:

ωrm(j + 1) = e−
Bt
Jt

Tsp ωrm(j) + 1−e
− Bt

Jt
Tsp

Bt
KTiq(j)

= asωrm(j) + bsiq(j)
(11)

The parameters in Equation (11) are described as follows:

as= e−
Bt
Jt

Tsp (12)

and

bs=
1− e−

Bt
Jt

Tsp

Bt
KT (13)

The speed at the j-th sampling interval can then be simplified as follows:

ωrm(j) = asωrm(j− 1) + bsiq(j− 1) (14)

Then by comparing Equation (14) and (11), one can obtain the following difference
equation:

∆ωrm(j + 1) = as∆ωrm(j) + bs∆iq(j) (15)

where ∆ωrm(j) is the j-th speed difference, and the ∆iq(j) is the j-th current difference.
Then, the (j + 1)-th predictive speed can be expressed as follows:

ω̂rm(j + 1) = ωrm(j) + ∆ωrm(j + 1)

= ωrm(j) + as∆ωrm(j) + bs∆iq(j)
(16)

Then the unconstrained performance index can be shown as follows:

Jp(j)= (b2
s + rw)

[
∆iq(j)

]2 − 2bs[ωrm
∗(j + 1)−ωrm(j)− as∆ωrm(j)]∆iq(j)+

[ωrm
∗(j + 1)−ωrm(j)− as∆ωrm(j)]

(17)

In the real world, the q-axis current could go beyond physical limitations and damage
the inverter. Although a hard limitation on the q-axis current can be added directly in a real
system, this may cause serious nonlinear phenomena. To solve this problem, a predictive
speed-loop control with an input constraint is investigated here.

3.2. Predictive Constrained Speed-Loop Controller

First, we define the control input q-axis current to have an upper limitation of
imax
q (k) (Ampere) and a lower limitation of imin

q (k) (Ampere), which can be expressed as
follows [18,19]:

imin
q ≤ iq(j) ≤ imax

q (18)

Equation (18) can then be rewritten as follows:

iq(j− 1) + ∆iq(j) ≤ imax
q (19)

and
− iq(j− 1)− ∆iq ≤ −imin

q (20)

Then by combining (19) and (20), one can derive the following equation:

L(j) = M∆iq(j) ≤ γ (21)
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From Equation (21), we can obtain the vector M as follows:

M =

[
1
−1

]
(22)

and the vector γ (Ampere) as follows:

γ =

[
imax
q − iq(j− 1)
−imin

q + iq(j− 1)

]
(23)

After that, a new additional performance index, which is caused by the input q-axis
constraint, can be defined as follows:

∇Jp(j) = λT
lagr∇L(j)

=

[
λmax
λmin

]T

∇L(j)
(24)

where ∇ is the operator of the gradient, λmax is the Lagrange multiplier for the upper-limit
constraint, and λmin is the Lagrange multiplier for the lower-limit constraint.

In Figure 4, Jp is the performance index, L is the constraint, ∇Jp is the gradient of
the performance index, and ∇L(j) is the gradient of the constraint. In order to make the
gradient value of the performance index and the gradient value of the constraint equal,
the Lagrange multiplier λlagr is used. After that, the new performance which uses the
Lagrange multiplier λlagr can be defined as follows:

Jlagr(j) = Jp(j) + λT
lagr L(j)

= (b2
s + rw)

[
∆iq(j)

]2 − 2bs[ωrm
∗(j + 1)−ωrm(j)− as∆ωrm(j)]∆iq(j) + [ωrm

∗(j + 1)−ωrm(j)− as∆ωrm(j)]

+λT
lagr
(

M∆iq(j)− γ)

(25)
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After that, by taking the partial differential of the Jlagr to the ∆iq(j), and by assuming
its value to be zero, one can obtain the following equation:

2(b2
s + rw)∆iq(j)− 2bs[ωrm

∗(j + 1)−ωrm(j)− as∆ωrm(j)] + MTλlagr= 0 (26)

Finally, from Equation (26), one can obtain the ∆iq∗(j), which includes input con-
straints, and can be expressed as follows:

∆iq∗(j) =
bs(ωrm

∗(j + 1)−ωrm(j))
b2

s + rw
− asbs∆ωrm(j)

b2
s + rw

−
MTλlagr

b2
s + rw

= ∆i∗q_ori(j)−
MTλlagr

b2
s + rw

(27)
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where ∆i∗q_ori(j) (Ampere) is the input control without considering the constraints. Then, we
can derive the Lagrange multiple λlagr. First, by taking the partial differential of the Jlagr(j)
to the λT

lagr from Equation (25), one can obtain the following equation:

M∆iq
∗(j)− γ= 0 (28)

In addition, from Equation (28), one can multiply the left side and the right side by M,
and then obtain the following equation:

M∆iq
∗(j) = Mi∗q_ori(j)−

MMTλlagr

b2
s + rw

(29)

From Equations (28) and (29), one can obtain the following equation:

M∆i∗q_ori(j)−
MMTλlagr

b2
s + rw

− γ = 0 (30)

Next, one can develop the Lagrange multiplier as follows:

λlagr =
(
b2

s + rw
)(

M∆iq_ori(j)− γ
)

=
(
b2

s + rw
)[ ∆iq_ori(j)− imax

q − iq(j− 1)
−∆iq_ori(j)− imin

q + iq(j− 1)

]
=

[
λmax
λmin

] (31)

In the real world, the Lagrange multiplier λlagr is not always positive. When the
Lagrange multiplier λlagr is negative, the iterative process should be repeated. To solve this
problem, in this paper, Hildreth’s Quadratic Programming Procedure is used. By using the
iterative of Hildreth’s Quadratic Programming Procedure, the λmin and λmax converge to
stable values and both of them are positive. As a result, the converged Lagrange multiplier
λlagr can be shown as follows:

λ∗lagr =

[
λ∗max
λ∗min

]
(32)

Submitting Equation (32) into (27), one can obtain the ∆i∗q_new(j) (Ampere) as the
following equation:

∆i∗q_new(j) = ∆i∗q_ori(j)−
MTλ∗lagr

b2
s + rw

= ∆i∗q_ori(j)−
λ∗max − λ∗min

b2
s + rw

(33)

Finally, the new q-axis command i∗q_new(j) (Ampere) can be expressed as follows:

i∗q_new(j) = iq(j− 1) + ∆i∗q_new(j) (34)

The detailed flow-chart of the process is shown in Figure 5. In Figure 5, if the iq(j) is
between imin

q and imax
q , then a predictive unconstrained speed-loop control method is used.

On the other hand, if the iq(j) is beyond imax
q or less than imin

q , a predictive constrained
method is applied by using the Lagrange multiplier.
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4. Predictive Current-loop Controller Design

In this paper, the predictive current controller has a sampling interval of Tcp = 0.1ms
and also has a predictive horizon of Np = 1. The design of the predictive current-loop
controller includes three-steps which are as follows:

4.1. Mathematical Model of the d–q Axis Current Dynamics

The d–q axis current differential equations can be expressed as follows:

d
dt

id = 1
Ld
(vd − rsid + ωeLqiq)

=
1
Ld

(vd − rsid + d− axis disturbance)
(35)

and
d
dt

iq = 1
Lq
(vq − rsiq −ωe(Ldid + λm))

=
1
Ld

(vd − rsid + q− axis disturbance)
(36)

where the d-axis disturbance is ωeLqiq (Volt), and the q-axis disturbance is
−ωe(Ldid + λm) (Volt)

To simplify the problem, one can omit the disturbance and derive the d-axis control
input ud(s) and the q-axis control input uq(s) as follows:

Gdp(s) =
id(s)
ud(s)

=
1

sLd + rs
(37)

and

Gqp(s) =
iq(s)
uq(s)

=
1

sLq + rs
(38)

After that, we can define the transfer function of the zero-order hold device as follows:

Gzoh(s) =
1− e−sTcp

s
(39)
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where Tcp(microsecond) is the sampling interval of the zero-order hold device. By referring
to the previously published papers [18,19], the Tcp is selected to be 100 microseconds for
current-loop control in our research. By cascading Gzoh(s) and Gdp(s), one can obtain the
following d-axis uncontrolled current-loop transfer function as follows:

Gcdp(s) = Gzoh(s)Gdp(s) =
1− e−sTcp

s
· 1

sLd + rs
(40)

By cascading Gzoh(s) and Gqp(s), one can obtain the following q-axis uncontrolled
current-loop transfer function as follows:

Gcqp(s) = Gzoh(s)Gqp(s) =
1− e−sTcp

s
· 1

sLq + rs
(41)

Taking the z-transformation of the Gcdp(s) and Gcqp(s), one can then derive the follow-
ing two equations:

Gcdp(z) = Z

(
1− e−sTcp

s
· 1

sLd + rs

)
(42)

and

Gcqp(z) = Z

(
1− e−sTcp

s
· 1

sLq + rs

)
(43)

Assuming e−sTsp = z−1, from Equation (42), one can obtain the following equation:

Gcdp(z) = (1− z−1)Z
(

1
s

1
sLd + rs

)

=
1
rs

1− e
−

rs

Ld
Tcp

z− e
−

rs

Ld
Tcp


(44)

By using the same method and assuming e−sTsp = z−1, from Equation (43), one can
obtain the following equation:

Gcqp(z) = (1− z−1)Z
(

1
s

1
sLq + rs

)

=
1
rs

1− e
−

rs

Lq
Tcp

z− e
−

rs

Lq
Tcp


(45)

Then by taking the inverse transformation and by using Equation (44), one can derive
the following equation:

id(j + 1) = e
−

rs

Ld
Tcp

id(j) +
1− e

−
rs

Ld
Tcp

rs
ud(j)

= acdid(j) + bcdud(j)

(46)

By using the same method for Equation (46), one can derive the following equation:
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iq(j + 1) = e
−

rs

Lq
Tcp

iq(j) +
1− e

−
rs

Lq
Tcp

rs
uq(j)

= acqiq(j) + bcquq(j)

(47)

Then, we can observe that Equations (46) and (47) include the following parameters:

acd = e−
rs
Ld

Tcp (48)

bcd =
1− e−

rs
Ld

Tcp

rs
(49)

acq = e
− rs

Lq Tcp (50)

and

bcq =
1− e

− rs
Lq Tcp

rs
(51)

4.2. Predictive Constrained Current-Loop Controller

By using (j − 1) to replace (j), and then by submitting it into Equations (46) and (47),
one can obtain the following two equations:

id(j) = acdid(j− 1) + bcdud(j− 1) (52)

and
iq(j) = acqiq(j− 1) + bcquq(j− 1) (53)

From Equations (46) and (52), one can derive the following equation:

∆id(j + 1) = acd∆id(j) + bcd∆ud(j) (54)

By using the same method, from Equations (47) and (53), one can derive the following
equation:

∆iq(j + 1) = acq∆iq(j) + bcq∆uq(j) (55)

where ∆id(j) (Ampere) is the j-th difference in the d-axis current, ∆ud(j) (Volt) is the j-th
difference in the d-axis control input voltage, ∆iq(j) (Ampere)is the j-th difference in the
q-axis current (Ampere), and ∆uq(j) (Volt) is the j-th difference in the q-axis control input
voltage. From Equations (54) and (55), it is not difficult to derive the (j + 1)th d-axis and
q-axis predictive currents, which can be expressed as the following two equations:

îd(j + 1) = id(j) + ∆id(j + 1)

= id(j) + acd∆id(j) + bcd∆ud(j)
(56)

and
îq(j + 1) = iq(j) + ∆iq(j + 1)

= iq(j) + acq∆iq(j) + bcq∆uq(j)
(57)

After that, one can define the performance index of the d-axis current-control and the
performance index of the q-axis current-control as the following two equations:

Jpd(j) =
[
id
∗(j + 1)− îd(j + 1)

]2
+ r[ud(j)− ud(j− 1)]2 (58)

and
Jpq(j) =

[
iq
∗(j + 1)− îq(j + 1)

]2
+ r
[
uq(j)− uq(j− 1)

]2 (59)
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where r is the weighting factor between the control inputs and the current errors. Submit-
ting Equations (56) and (57) into Equations (58) and (59), one can obtain the following
two equations:

Jpd(j) = [id∗(j + 1)− id(j)− acd∆id(j)− bcd∆ud(j)]2 + r[∆ud(j)]2 (60)

and
Jpq(j) =

[
iq
∗(j + 1)− iq(j)− acq∆iq(j)− bcq∆uq(j)

]2
+ r
[
∆uq(j)

]2 (61)

In Equations (60) and (61), one can define the difference in the (j-th) sampling interval
of the d–q axis control input voltages as the following two equations:

∆ud(j) = ud(j)− ud(j− 1) (62)

and
∆uq(j) = uq(j)− uq(j− 1) (63)

Rearranging Equations (60) and (61), which are the d-axis performance index and the
q-axis performance index, one can derive the following two equations:

Jpd(j) = (b2
cd + r)[∆ud(j)]2 − 2bcd[id

∗(j + 1)− id(j)− acd∆id(j)]∆ud(j) + [id
∗(j + 1)− id(j)− acd∆id(j)] (64)

and

Jpq(j) = (b2
cq + r)

[
∆uq(j)

]2 − 2bcq
[
iq
∗(j + 1)− iq(j)− acq∆iq(j)

]
∆uq(j) +

[
iq
∗(j + 1)− iq(j)− acq∆iq(j)

]
(65)

By taking
∂Jpd(j)
∂∆ud(j) = 0 and ∂Jpq(j)

∂∆uq(j) = 0, one can obtain the following two equations:

2(b2
cd + r)∆ud(j)− 2bs[id

∗(j + 1)− id(j)− acd∆id(j)]= 0 (66)

and
2(b2

cq + r)∆uq(j)− 2bs
[
iq
∗(j + 1)− iq(j)− acq∆iq(j)

]
= 0 (67)

Next, without considering the constraints, one can derive the differences in the d–q
axis control input voltages as the following two equations:

∆vd−ori
∗(j) =

bcd(id∗(j + 1)− id(j))
b2

cd + r
− acdbcd∆id(j)

b2
cd + r

−ωeLq∆iq(j) (68)

and

∆vq−ori
∗(j) =

bcq
(
iq
∗(j + 1)− iq(j)

)
b2

cq + r
−

acqbcq∆iq(j)
b2

cq + r
+ ωe(λm + Ld∆id(j)) (69)

When one considers that the d–q axis input control voltages have constraints, the d–q
axis input control voltages can be expressed as the following two equations [16,17]:

vmin
d ≤ vd(j) ≤ vmax

d (70)

and
vmin

q ≤ vq(j) ≤ vmax
q (71)

By using the same processes as the predictive speed control, which are shown in
Equations (18)–(34), one can derive the ∆v∗d_new(j) (Ampere) and the ∆v∗q_new(j) (Ampere) as
the following two equations:

∆v∗d_new(j) = ∆v∗d_ori(j)−
MTλ∗lagr_d

b2
s + r

= ∆v∗d_ori(j)−
λ∗max_d − λ∗min_d

b2
s + r

(72)
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and

∆v∗q_new(j) = ∆v∗q_ori(j)−
MTλ∗lagr_q

b2
s + r

= ∆v∗q_ori(j)−
λ∗max_q − λ∗min_q

b2
s + r

(73)

where ∆v∗d_ori (Volt) is the difference in the d-axis control input voltage command without
considering constraints, ∆v∗q_ori (Volt) is the difference in the q-axis control input voltage
command without considering constraints, λ∗max_d is the Lagrange multiplier considering
the upper limit of the d-axis input voltage command constraint, λ∗min_d is the Lagrange
multiplier considering the lower limit of the d-axis input voltage command constraint,
λ∗max_q is the Lagrange multiplier considering the upper limit of the q-axis input voltage
command constraint, and λ∗min_q is the Lagrange multiplier considering the lower limit of
the q-axis input voltage command constraint. Finally, the d–q axis input voltage commands
v∗d_new(j) (Ampere) and v∗q_new(j) (Ampere), which consider the input voltage constraints, are
shown as the following two equations:

v∗d_new(j) = vd(j− 1) + ∆v∗d_new(j) (74)

and
v∗q_new(j) = vq(j− 1) + ∆v∗q_new(j) (75)

The detailed flow-chart of the predictive d–q axis current control input voltage com-
mands is shown in Figure 6. Figure 6 shows the flow-chart of the predictive d–q axis
current control. If the d–q axis voltages are between vmin

dq and vmax
dq , then predictive uncon-

strained control is used. On the other hand, if the d–q axis voltages are beyond vmax
dq or

less than vmin
dq , then constrained control using quadratic programming, which are shown in

Equations (72)–(75), is applied.
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5. Implementation

Figure 7 shows the block diagram of the implemented IPMSM drive system. First,
the speed command ω∗rm is compared with the real speed ωrm to obtain the speed error.
Second, the predictive speed controller uses the speed error ∆ωrm to generate the q-axis
current command i∗q and uses the real speed to generate the d-axis current command i∗d .
Then, the i∗q is compared to the iq in order to create the q-axis voltage command v∗q , and
then the i∗d is compared to the id in order to create v∗d. Next, the v∗q is added to the active
damping q-axis voltage ∆vq, and then the v∗d is added to the active damping d-axis voltage
∆vd. After that, the summations of the v∗q and ∆vq and the summations of the v∗d and ∆vd
are transferred into v∗a , v∗b , and v∗c . Finally, the v∗a , v∗b , and v∗c use a space-vector pulse-width
modulation to generate the triggering signals of the six IGBTs in order to drive the IPMSM,
and then a closed-loop drive system is achieved.
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Figure 7. Implemented IPMSM drive system.

Figure 8 shows a photograph of the hardware circuits in this proposed drive system,
including a three-phase rectifier, an encoder circuit, a DSP which is used to execute the high-
frequency high-order active damping control, the predictive speed-loop control, and the
predictive current-loop control, a six-IGBT inverter in the back of the PCB, voltage sensing
circuits, current sensing circuits, and a small-film capacitor which has a much smaller size
than traditional electrolytic capacitors. A comparison of the volume, weight, and cost of a
traditional electrolytic capacitor and a small-film capacitor is shown in Table 1 [20]. This
small-film capacitor uses Metal Injection Molding (MIM) technology [21], and it can be
used for low-speed, middle-speed, and high-speed motor drive systems.
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Table 1. Comparison of different capacitors.

Characteristics

Types
Electrolytic Capacitor Small-Film Capacitor

Volume 470 µF 10 µF
Weight 41 g 35 g

Cost USD $10 USD $4
Medium Aluminium oxide Metallized Film

Dielectric coefficient 8–8.5 2.2 ± 0.2
Polarity Yes No

Voltage Stress 450 V 1000 V

Life Capacitor deteriorates within
five years of use Capacitor does not deteriorate

6. Simulated and Experimental Results

A 10 µF small-film capacitor is used here, and the DC-bus voltage varies from 270 V
to 311 V with a frequency of 360 Hz. Furthermore, a three-phase 220 Vrms 60 Hz AC source
is used. A 4-pole IPMSM with a rated power of 500 W, a rated current of 3 A, and a rated
speed of 1800 r/min is also used. This motor has the following parameters: the stator
resistance is 1.9 Ω, the d-axis inductance is 15.1 mH, the q-axis inductance is 31 mH, the flux
linkage is 0.227 V.s/rad, the inertia of the motor is 0.0005 kg.m2, and the viscous coefficient
of the motor is 0.003 N.m.s/rad. This simulation uses Simulink software, and the iqmax is
2.5 A and the iqmin is 0.2 A. In order to verify the correctness of the theoretical analysis,
several simulated and measured results are shown and compared, which can be divided
into three categories. The first category includes the input AC source voltages, the input
AC source currents, and the DC-link voltages using a 440 µF electrolytic capacitor and a 10
µF small-film capacitor. The second category includes the measured current waveforms
using a predictive current controller and a PI controller. The third category includes the
measured speed responses with and without constraints, including transient responses,
load disturbance responses, and sinusoidal tracking and triangular tracking responses.

The measured results of the first category are demonstrated in Figures 9a,b–12a,b.
Figure 9a demonstrates the simulated DC-link voltages using a small-film capacitor. The
simulated DC-link voltages vary from 258 V to 320 V within a 2.76 ms. Figure 9b demon-
strates the measured results using the same process. If we compare Figure 9a,b, we see that
both of them have the same voltage and period fluctuations. We can see that the DC-bus
voltage creates more serious fluctuations than traditional electrolytic capacitors. Figure 10a
illustrates the simulated input currents at the AC source. The input current has a 3.5 A peak
when using a 440 µF electrolytic capacitor. Figure 10b illustrates the measured results by
using the same process. After comparing Figure 10a,b, we can see that both of them have
the same peak current fluctuations and also have the same two discontinuous current pul-
sations in each half cycle. The major reason for this is that when the input voltage is smaller
than the DC-bus voltage, the rectifying diodes are turned off, and then the a-phase current
becomes zero. Figure 11a shows the simulated input a-phase current at the AC source by us-
ing a 10 µF small-film capacitor without using active damping control. Here, we can see that
the input current has obvious pulsations. Figure 11b shows the measured waveform in the
same situation. Both Figure 11a,b show that the desired square-wave currents are different
from the measured currents due to their small inductance at the input AC source. When a
small-film capacitor is used, the a-phase current changes from pulses into square waveforms
because the DC-bus voltage is reduced. Figure 12a displays the measured input current
waveform using a high-order band-pass active damping control. The transfer function is

F(s) =
K1K2ωB

2s3

s5 + (K2 + K3)ωBs4 + (2 + K2K3)ωB2s3 + (K2 + 2K3)ωB3s2 + (1 + K2K3)ωB4s + K3ωB5 with

ωB = 720π rad/s, K1 = 1.0468, K2 = 4.1095, and K3 = 0.00927. Figure 12b shows the
measured input current using a first-order high-pass active damping control, which has
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a bandwidth of 5 kHz, and a cut off frequency of 2.26 kHz and can be expressed as
s

s+31400 rad/s
. As we can observe, the results in Figure 12a show a better performance

than the results in Figure 12b. The major reason for this is that the fifth-order band-pass
filter provides a wider middle-frequency bandwidth than the high-pass filter.
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The measured results of the secondary category are demonstrated in Figure 13a,b.
Figure 13a demonstrates the measured a-phase motor current by using PI current control,
which generates a 7% THD. Figure 13b demonstrates the measured a-phase current by
using predictive current control, which has a 6.4% THD. Again, the predictive current
control provides better performance than the PI current control. The major reason for this is
that the predictive control uses past, present, and future information to control the system;
however, the PI control only uses present information to control the system.
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Figure 13. Measured a-phase motor currents. (a) PI control, (b) predictive control.

The simulated and measured results of the third category are shown in Figures 14a,b–18a,b.
Figure 14a shows the simulated results of the predictive control with constraints and
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the predictive control without constraints. The predictive control with constraints has a
lower overshoot than the predictive control without constraints. Figure 14b illustrates the
measured results, which provide the same conclusions as the simulated results. Figure 15a
shows the simulated results of the load disturbance with a 2 N.m external load. Figure 15b
shows the measured results of the same situation. Both the simulated and measured results
show that the predictive control provides a lower speed drop and a quicker recovery time
than the PI control does. This is because the predictive control uses past, present, and
future information to control the system. In addition, a real-time optimization of the cost
function is applied. As a result, the predictive control shows better performance than
the PI control. Figure 16a shows the simulated speed responses from 30 r/min to 1800
r/min, and Figure 16b shows the actual measured responses. The results of simulated and
measured responses are very similar. Figure 17a shows the measured speed responses of
a sinusoidal speed command at ±300 r/min. We can see that the predictive control can
follow the speed commands well, but the PI control has lagging responses. Figure 17b
shows the speed errors, and we can see that the PI control has greater speed errors than the
predictive control does. Figure 18a displays the measured speed responses of a triangular
speed command at ±300 r/min, and we can observe that the predictive control has a better
tracking ability than the PI control does. Figure 18b displays the speed tracking errors, and
the predictive control provides ±10 r/min tracking errors; however, the PI control has ±20
r/min tracking errors. Thus, we can see that the predictive control has better performance
than the PI control because the predictive control uses real-time optimization techniques.
The PI control, however, uses integrational control, and this causes serious time delays.
Generally speaking, in this paper, the speed errors in steady-state conditions are ±2 r/min,
and the current errors in the steady-state conditions are ±0.3 Ampere. In addition, the
THD of the a-phase, b-phase, and c-phase currents is near 6.5% when using the predictive
control and active damping control.

Figure 14. Cont.
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Figure 14. Transient speed responses using different controllers. (a) simulated, (b) measured.

Figure 15. Cont.
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Figure 15. Load disturbance at 2 N.m. (a) simulated (b) measured.

Figure 16. Cont.
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Figure 16. Speed responses at different speed commands. (a) simulated, (b) measured.

Figure 17. Cont.
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Figure 17. Measured results of a sinusoidal speed command at ±300 r/min. (a) speed responses,
(b) speed errors.

Figure 18. Cont.
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Figure 18. Measured results of a triangular command at±300 r/min. (a) speed responses, (b) speed errors.

7. Conclusions

In this paper, a high-order band-pass active damping controller is proposed to elimi-
nate the input harmonic currents of small-film capacitor IPMSM drive systems. A systematic
predictive constrained speed controller is designed to improve the transient, load distur-
bance, and tracking responses. Furthermore, a systematic predictive constrained current
controller is used to reduce motor harmonic currents, in which a Lagrange multiplier is
used to calculate the input constraints. After that, an optimization technique is employed
to obtain the control input. A DSP, type TMS320F28035, manufactured by Texas Instru-
ments, is used as a control center. Experimental results validate the theoretical analysis.
Although the development of the predictive constrained control algorithms is complicated,
the implementation of the predictive constrained control algorithms is very simple.

The proposed drive system in this paper has lower input harmonic currents and a
better power factor than electrolytic capacitor DC-link inverters. In addition, this small-film
DC-link capacitor drive system has a smaller size, a lower cost, and a longer life than
traditional electrolytic capacitor DC-link IPMSM drive systems.

Author Contributions: Conceptualization, T.-H.L.; methodology, S.-H.C.; Software, C.-Y.F.; Formal
analysis, T.-H.L.; Data curation, S.-H.C. and C.-Y.F.; Original draft preparation, T.-H.L.; Writing and
editing, T.-H.L.; Visualization, S.-H.C. and C.-Y.F.; Funding acquisition, T.-H.L.; Investigation, T.-H.L.;
S.-H.C. and C.-Y.F. All authors have read and agreed to the published version of the manuscript.

Funding: The paper is supported by MOST, Taiwan, under grant MOST 110-2221-E-011-086.

Data Availability Statement: The data will be available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AC alternating current
DC direct current
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