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Abstract—A Luenberger disturbance observer based control
scheme for surface mounted permanent magnet synchronous mo-
tor (SPMSM) is proposed in this paper. First, an extended SPMSM
model is given by considering the external disturbances and pa-
rameter mismatches. Second, a Luenberger observer is introduced
to estimate the lumped disturbances in the speed and current
loops, respectively. Third, based on the observed disturbances, a
speed controller is designed, which is proved to be stable. Finally,
an improved deadbeat-based predictive current control (DPCC)
based on the estimated disturbances and the new SPMSM model is
designed to control the current loop. The proposed method is imple-
mented on a Xilinx Zynq SoC XC7Z020-CLG484-1 and field pro-
grammable gate array (FPGA) implementations of the improved
DPCC and conventional DPCC are compared and analyzed in de-
tail in terms of area utilization and time consumption. Although the
execution time of both methods is very short, the improved DPCC
takes less time than the conventional DPCC due to the parallel
processing capabilities of FPGAs. The experimental results verify
that the proposed method has good dynamic performance, load
disturbance suppression performance, and parameter robustness.

Index Terms—Deadbeat-based predictive current control
(DPCC), Luenberger disturbance observer, permanent magnet
synchronous machine (PMSM), Vivado High-Level Synthesis
(HLS), Zynq SoC.

I. INTRODUCTION

P ERMANENT magnet synchronous motor (PMSM) has
been extensively used in a lot of applications such as

robotics, electric vehicles, and computerized numerical control
machines, due to its superior features: high efficiency, compact
structure, and high torque-to-inertia ratio [1], [2]. Field oriented
control (FOC) has been widely applied in the PMSM driver to
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obtain better performance. There are external speed loop and
internal current loop in a common FOC strategy.

Besides conventional proportional integral (PI) control, many
speed control algorithms including sliding mode control (SMC)
[3], two-degrees-of-freedom PI speed control [4], fuzzy control
[5], [6], and predictive functional control (PFC) [2] have been
proposed so far. For good disturbance rejection performance,
the disturbance observer has been widely used in various mo-
tor control systems. By introducing disturbance observer into
feed-forward compensation, better disturbance rejection ability
is obtained [7], [8]. SMC is applied to speed control in [9]. Com-
bining with extended sliding mode disturbance observer, better
speed tracking performance is achieved. PFC+ESO (ESO: ex-
tended state observer) method is introduced into the control de-
sign of speed loop in [2], which is verified in the simulation and
experiment.

Many advanced methods have been applied to the current loop
as well, such as PI control [10], predictive current control [11],
[12], hysteresis current control [13], etc. The hysteresis current
control has a fast current response and small tracking error, but
the switching frequency is not fixed and the accuracy of current
tracking is closely related to the hysteresis width. As for the PI
control, its performance deteriorates when the PMSM param-
eters change. Model-based predictive current control (MPCC)
[14], [15] and deadbeat-based predictive current control (DPCC)
[16], [17] are two kinds of predictive current control. MPCC has
strong robustness, but requires large calculate efforts and addi-
tional hardware. Based on the discrete PMSM model, the DPCC
calculates voltage references directly, which is transformed into
switching signals through the pulsewidth modulation (PWM)
technology [3], [18]. The switching frequency of the DPCC is
fixed, and it has good current tracking performance and fast cur-
rent dynamic response. However, the performance of the DPCC
depends entirely on the parameters of given model, which are in-
accurate and constantly changing in the actual system. A robust
DPCC based on the weight modification algorithm is introduced
in [19] to improve the system stability. A nonlinear disturbance
observer is proposed in [7] to enhance the system robustness. A
sliding mode disturbance observer based on a novel reaching law
is proposed to estimate the parameter variations and compensate
the voltage reference calculated by the DPCC in [18].

The PMSM control algorithms are traditionally implemented
on digital signal processors (DSPs) or microcontroller units
(MCUs) [20], [21] where plenty of peripherals specially de-
signed for motor control are integrated. However, DSP or MCU
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programs are executed sequentially, which results in longer com-
putation time and greater control delays than field programmable
gate array (FPGA) programs with parallel processing capabili-
ties. Recently, the price of FPGAs has dropped dramatically, and
high-density FPGAs have been applied to high-performance mo-
tor drives [6], [22]. Programming FPGAs has traditionally been
difficult and requires expertise in specialized “hardware descrip-
tion languages” like very high speed integrated circuit hardware
description language or Verilog language. It takes a long time
to design and verify the FPGA implementations of complex
algorithms. Zynq SoC XC7Z020-CLG484-1, where dual-core
Cortex-A9 processors and a FPGA core are incorporated, is an
all-programmable system-on-chip (SoC) produced by Xilinx. It
has the advantages of both FPGAs and DSPs/MCUs. Moreover,
the Xilinx Vivado High-Level Synthesis (HLS) tool, which is
provided by Xilinx transforms a C specification written in C or
C++, System C, into a register transfer level implementation that
can be synthesized into a Xilinx FPGA. Vivado HLS improves
the level of design abstraction and accelerates the development
of complex algorithms implemented on FPGAs [23].

To improve the tracking performance and dynamic response
of surface mounted permanent magnet synchronous motor
(SPMSM) drives, a robust predictive control scheme is proposed
in this paper. By introducing an extended SPMSM model, which
contains a lumped disturbance part, a Luenberger disturbance
observer is designed to estimate the lumped disturbances in the
speed and current loops, respectively. Compared to the sliding
mode observer, the Luenberger observer has no chattering and
requires less computation. Based on the estimated disturbances,
the deadbeat-based predictive control law is applied to the speed
loop and the current loop. Finally, the proposed control scheme
is implemented on a Zynq-based motor driver to evaluate the
HLS-based FPGA design method.

This paper is structured as follows. In Section II, one ex-
tended SPMSM model is built up by considering the external
disturbances and parameter mismatches, then the proposed
speed loop and current loop algorithms are explained. Then,
in Section III, Zynq SoC implementation of the whole driver
is presented and the conventional DPCC and the Luenberger
disturbance observer based DPCC (LDOB-DPCC) are imple-
mented on the FPGA core of Zynq. In Section IV, experimental
results are presented and analyzed. Finally, the conclusions are
drawn in Section V.

II. PMSM MODEL AND CONTROL ALGORITHMS

A. Modeling of the SPMSM

The model of an SPMSM in synchronous rotating frame can
be written as [24]

⎧
⎪⎪⎨

⎪⎪⎩

did
dt = 1

L (ud −Rid + Lpωmiq)
diq
dt = 1

L (uq −Riq − Lpωmid − λpωm)

dωm

dt = 3
2
pλiq
J − Bωm

J − TL

J

(1)

whereud,uq mean the d- and q- axis stator voltages,Lmeans the
stator inductance, R means the stator resistance, id, iq mean the
d- and q- axis stator currents, ωm means the angular velocity of

the rotor, λ means the permanent magnet flux linkage, p means
the number of pole pairs, B is the viscous damping coefficient,
and J is the moment of inertia.

In consideration of the parameter variations, an extended
PMSM model, which contains nominal parameters and a dis-
turbance part, is proposed in [9] and [18]. An improved model
is developed in our proposal. The extended d-axis current equa-
tion is derived as follows.

1) Assuming vd = 1
L (−Rid + Lpωmiq), the first equation

of (1) can be written as did
dt = 1

Lud + vd.
2) As additional hardware is required to obtain ud, it can be

replaced by the voltage reference to the d-axis u∗
d. The

mismatch between ud and u∗
d can be incorporated into the

disturbance partdd = vd − 1
Lu

∗
d +

1
Lud, and the extended

d-axis current equation is did
dt = 1

Lu
∗
d + dd.

Similarly, define dq =
uq

L − u∗
q

L − Riq
L − pωmid − λpωm

L and

dω = −Bωm

J − TL

J + 3
2pλ(

iq
J − i∗q

Jn
), where Jn is the rotor in-

ertia, i∗q is the reference of q-axis stator current, and u∗
q is the

voltage reference to q-axis. Then, the extended SPMSM model
can be written as

⎧
⎪⎪⎨

⎪⎪⎩

did
dt =

u∗
d

L + dd
diq
dt =

u∗
q

L + dq

dωm

dt =
i∗q
k + dω

(2)

where k = Jn
3
2pλ

.

B. Luenberger Disturbance Observer for the Speed Loop

As the sampling period of the speed loop is very small, dω
can be regarded as a constant in one sampling period, that is
ddω

dt = 0, and the state function can be designed as follows:
{

dx
dt = Ax+Bu

y = Cx
(3)

where

x = [ωm dω]
T , y = ωm, u = i∗q (4a)

A =

[
0 1

0 0

]

,B =
[

1
k 0

]T
,C =

[
1 0

]
. (4b)

In the Luenberger observer, the estimated state variables are
corrected by comparing the estimated variables with the mea-
sured variables. The Luenberger observer is designed as

{
dx̂
dt = Ax̂+Bu+H(y − ŷ)

ŷ = Cx̂
(5)

where H = [h1 h2]
T , which is the observer gain matrix, x̂ is

the estimated value of x, ŷ is the estimated value of y. From (3)
and (5), the estimation error x̃ = x̂− x can be described by

dx̃

dt
= (A−HC)x̃. (6)

The observer gain matrix H should be designed to ensure that
the estimation error decreases with time, so that all eigenvalues
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of (A−HC) have negative real parts

Re{λi(A−HC)} < 0 i = 1, 2. (7)

Suppose λ1 = λ2 = −lω (lω > 0), and the following equation
can be solved to obtain the H matrix:

|λI − (A−HC)| = (λ + lω)
2. (8)

So that, H =
[
2lω l2ω

]T
, and (5) can be discretized as

⎧
⎪⎪⎨

⎪⎪⎩

ω̂m(t+ 1) = ω̂m(t) + Ts(d̂ω(t) +
i∗q
k

+2lω(ωm(t)− ω̂m(t)))

d̂ω(t+ 1) = d̂ω(t) + Tsl
2
ω(ωm(t)− ω̂m(t))

(9)

where Ts is the sampling period of the speed loop. The selection
of lω should be balanced between response performance and
robustness. The larger the lω is, the farther the observer poles
are from the origin, and the faster the state values are observed.
However, the control system will be unstable when lω is too
large.

C. Design of Speed Control

According to Euler formula, the third equation of (2) can be
discretized into

ωm(t+ 1)− ωm(t) = Ts

(
i∗q
k

+ dω(t)

)

. (10)

Letting ωm(t+ 1) = ω∗
m, where ω∗

m is the given speed. So, a
deadbeat-based predictive speed control law is designed as i∗q =
k
Ts
(ω∗

m − ωm(t))− kdω(t).
Assuming kp = 1

Ts
, which is adjusted according to actual

needs, the speed control law is

i∗q = kpk(ω
∗
m − ωm(t))− kdω(t). (11)

A Lyapunov function is constructed to prove that the e =
ω∗
m − ωm(t) vanishes with time when the speed controller (11)

is applied, given as follows:

V =
1

2
e2. (12)

Derivation of the V is

dV

dt
= −e

(
i∗q
k

+ dω(t)

)

= −kpe
2. (13)

So that, in the condition of kp > 0, e will be decreased with
time.

Substituting the estimated disturbance d̂ω(t) into the (11),
the Luenberger disturbance observer based speed controller
(LDOB-SPDC) is

i∗q = kpk(ω
∗
m − ωm(t))− kd̂ω(t) (14)

where a large kp results in a more responsive or more sensitive
controller. But, if the kp is too high, the controller can become
unstable. Fig. 1 shows the block diagram of the proposed speed
controller.

Fig. 1. Block diagram of the speed controller that incorporates the Luenberger
observer (LDOB-SPDC).

D. Conventional DPCC

From (1), according to Euler formula, the discrete voltage
model of SPMSM can be written as

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ud(t) = L id(t+1)−id(t)
Tc

+Rid(t)− Lpωm(t)iq(t)

uq(t) = L
iq(t+1)−iq(t)

Tc

+Riq(t) + Lpωm(t)id(t) + λpωm(t)

(15)

where Tc is the sampling period of the current loop. Setting
id(t+ 1) = i∗d, iq(t+ 1) = i∗q , where i∗d and i∗q are the current
references to d- and q- axis, and the DPCC law can be described
as

⎧
⎪⎪⎨

⎪⎪⎩

ud(t) = L
i∗d−id(t)

Tc
+Rid(t)− Lpωm(t)iq(t)

uq(t) = L
i∗q−iq(t)

Tc
+Riq(t) + Lpωm(t)id(t)

+ λpωm(t)

. (16)

From (16), the performance of the DPCC is largely determined
by the accuracies of the motor parameters such as the stator
inductance, the stator resistance, and the permanent magnet flux
linkage, which vary with the motor operating conditions and
environmental conditions.

To analyze the parameter sensitivity of the DPCC, assume
R0 = R+R

′
, L0 = L+ L

′
, λ0 = λ + λ

′
, where R

′
, L

′
, λ

′
are

the parameter mismatches. Applying R0, L0, and λ0 to (16), it
obtains

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

u
′
d = L

i∗d−id(t)

Tc
+Rid(t)

−Lpωm(t)iq(t) + Δud(t)

u
′
q = L

i∗q−iq(t)

Tc
+Riq(t)

+Lpωm(t)id(t) + λpωm(t) + Δuq(t)

(17)

where Δud(t) = L
′ i∗d−id(t)

Tc
+R

′
id(t)− L

′
pωm(t)iq(t),

Δuq(t) = L
′ i∗q−iq(t)

Tc
+R

′
iq(t) + L

′
pωm(t)id(t) + λ

′
pωm(t),

which are introduced by parameter mismatches. Combining
(15) and (17), it obtains

{
id(t+ 1) = i∗d +Δud(t)

Tc

L

iq(t+ 1) = i∗q +Δuq(t)
Tc

L .
(18)

There are errors between the given current and the response cur-
rent due to parameter variations as shown in (18). The work pre-
sented in [18] has proposed a sliding mode disturbance observer
to estimate the Δud(t) and Δuq(t). The voltage reference cal-
culated by deadbeat predictive current controller is compensated
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Fig. 2. Block diagram of the LDOB-DPCC.

by the estimated disturbance. However, the nominal values of R
and λ are required by the method proposed by the work presented
in [18]. In Section II-E, an improved DPCC method based on
the Luenberger disturbance observer is proposed, which only
requires the initialization of the nominal parameter of L. The
proposed method, in turn reduces the computational complexity
and improves the robustness.

E. Design of Improved DPCC

To estimate the dd and dq from (2), two Luenberger observers
designed in a similar way as that of the speed loop are given by

⎧
⎪⎪⎨

⎪⎪⎩

îd(t+ 1) = îd(t) + Tc(d̂d(t) +
u∗
d

L

+2ld(id(t)− îd(t)))

d̂d(t+ 1) = d̂d(t) + Tcl
2
d(id(t)− îd(t))

(19)

and

⎧
⎪⎪⎨

⎪⎪⎩

îq(t+ 1) = îq(t) + Tc(d̂q(t) +
u∗
q

L

+2lq(iq(t)− îq(t)))

d̂q(t+ 1) = d̂q(t) + Tcl
2
q(iq(t)− îq(t)).

(20)

According to the Euler formula, the current equations of (2) are
discretized as

{
u∗
d = L id(t+1)−id(t)

Tc
− Ldd(t)

u∗
q = L

iq(t+1)−iq(t)
Tc

− Ldq(t).
(21)

Substituting the estimated disturbances d̂d and d̂q from (19)
and (20) into (21) and let id(t+ 1) = i∗d, iq(t+ 1) = i∗q , then
the LDOB-DPCC law can be designed as

⎧
⎨

⎩

u∗
d = L

i∗d−id(t)

Tc
− Ld̂d(t)

u∗
q = L

i∗q−iq(t)

Tc
− Ld̂q(t).

(22)

The block diagram of the LDOB-DPCC is shown in Fig. 2.

Fig. 3. Block diagram of the designed Zynq-based controller for an SPMSM
drive.

III. ZYNQ SOC IMPLEMENTATION

A. Design of Zynq SoC Based Controller

Fig. 3 shows the block structure of the designed Zynq SoC
based controller for an SPMSM drive. It is noted that XC7Z020-
CLG484-1, which incorporates dual-core Cortex-A9 processors
and an FPGA core, is functionally divided into four parts as
follows.

1) FPGA. The current loop control module and hardware in-
terface modules such as PWM generator, analog-to-digital
converter (ADC) interface, and encoder decoding are im-
plemented on the FPGA core. They are designed as periph-
erals of CPU1 and communicate via the advanced extensi-
ble interface (AXI) bus. The current loop control module is
designed based on the Vivado HLS tool. The hardware in-
terface modules, which require more stringent timing and
higher efficiency, are designed by using Verilog language.

2) CPU1. The speed loop control module (the proposed
LDOB-SPDC) that requires flexible configuration, good
expandability, and strong portability in industry applica-
tions is implemented on the CPU1, where a real-time op-
erating system works.

3) CPU0. The embedded Linux operating system responsi-
ble for communicating with the personal computer (PC)
works on the CPU0.

4) On chip memory (OCM). Two circular queues for com-
munication between CPU0 and CPU1 are implemented on
the OCM.

The Vivado tool is used for programming the Zynq SoC, and
they communicate with each other by Joint Test Access Group
(JTAG). A Qt-based graphics monitoring program has been de-
veloped that runs on the PC and communicates with Zynq over
Gigabit Ethernet where a router helps to “route” data.

B. HLS-Based FPGA Implementation

Since the Vivado HLS tool supports the C++ float-point data
type, which represents numbers in a wider dynamic range than
fixed point, floating point is used to construct the current loop
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Fig. 4. FPGA implementation overview of the current loop module.

Fig. 5. Process of calculating u∗
q with the LDOB-DPCC.

module. Blocks such as Park, Clark, LDOB-DPCC, DPCC,
iPark, space vector PWM (SVPWM) are realized by C++ func-
tions. The INLINE directive is applied to small functions such as
Park, Clark, etc., which permits operations within the functions
to be shared and optimized more effectively. The PIPELINE di-
rective is a good choice for high-performance operation, and it
is applied to loops in the SVPWM block to reduce the initiation
interval. The AXI interface is packaged in the current loop mod-
ule, enabling the CPU1 to access the module like a peripheral
device. The implementation architecture of the FPGA-based cur-
rent loop module is depicted in Fig. 4, where different processing
times are represented by different colors. The implementation
of the module is introduced as follows in sequence from T1 to
Tsleep.

1) During T1 (14 ticks, i.e., 0.14μs with 100 MHz clock): A
Clarke transformation from ia, ib, ic, which are obtained
from AXI interface, to iα, iβ is performed by Clark block.

2) During T2 (91 ticks): A park transformation from iα, iβ
to id, iq is performed by Park block. The sine and cosine
functions provided by the Vivado HLS math library are
used, which have an accuracy of 1 unit of least precision.
But, they are time consuming, approximately 81 ticks in
all.

3) During T3 (17 ticks for the LDOB-DPCC, 26 ticks for the
DPCC): The calculation processes of uq using the LDOB-
DPCC and DPCC are, respectively, shown in Figs. 5 and 6,
where the critical paths are indicated in red. 1) For the

Fig. 6. Process of calculating u∗
q with the DPCC.

TABLE I
FPGA DESIGN DETAIL

LDOB-DPCC, it takes 18 operations and 31 ticks to obtain
the u∗

q , d̂q(t+ 1), îq(t+ 1). The computation processes

of the u∗
q, d̂q(t+ 1), îq(t+ 1) are scheduled in parallel

with each other. As the LDOB-DPCC block is inlined,
the d̂q(t+ 1) and îq(t+ 1) calculations are optimized and
calculated in parallel with iPark block, which starts oper-
ating as soon as the u∗

q is inputted. Therefore, the time
consumption of the LDOB-DPCC is reduced to 17 ticks.
2) For the DPCC, it takes 11 operations and 26 ticks to ob-
tain the u∗

q . The d-axis computation process is similar, and
operates in parallel with that of the q-axis. Although the
LDOB-DPCC requires more operations than the DPCC, it
takes less time due to the parallel processing capabilities
of FPGAs.

4) During T4 (8 ticks): An inverse park transformation from
ud, uq to uα, uβ is performed by iPark block. Since the
sine and cosine functions have been calculated during T2,
only 8 ticks are needed in this procedure.

5) During T5 (56 ticks): The duty cycle for each switching
device is calculated in this procedure based on the uα, uβ .

The area utilization and time consumption of the two imple-
mentations are given in Table I. It is noted that the LDOB-DPCC
takes less time than the DPCC, but requires more resources.

IV. EXPERIMENTAL RESULTS

Experimental tests were carried out on the test bench shown in
Fig. 7. The test bench consists of two SPMSMs made by Wenling
Yuhai Electromechanical Corporation with the parameters given
in Table II. The load motor is driven by a 3.0 kW vector control
inverter manufactured by Micno Corporation, while the driven
motor is driven by a Zynq-based inverter that includes a two-
level voltage source inverter and a Zynq board. The dc bus of the
load and driven inverters are connected together. The proposed
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Fig. 7. Experimental setup description.

TABLE II
PARAMETERS OF SPMSM

control scheme operates at 12.5 kHz, which is equal to the PWM
switching frequency.

A. Speed Reversal Performance

An experiment to verify the performance during a rated full-
speed range is carried out in Fig. 8. As the target speed ω∗

m

changes from 3000 to −3000 r/min, the q-axis current, which
is linearly related to the electromagnetic torque, reaches its
maximum value within 3 ms. The speed reverses from 3000
to −3000 r/min within 0.06 s. The experimental results show
that the proposed method has fast dynamic response and good
performance in the full speed range.

B. Iq Step Performance

The iq step performances of the LDOB-DPCC and DPCC
are evaluated in Figs. 9 and 10. The Zynq inverter operates at
current control mode that i∗q is directly set in the program. The

Fig. 8. Experimental results during the rated full-speed reversal process.
(LDOB-SPDC cascade with LDOB-DPCC, from 3000 to −3000 r/min).

Fig. 9. Experimental results of iq step performance using the LDOB-DPCC.
(600 r/min, iq alters from 0 to 2 A).

Fig. 10. Experimental results of iq step performance using the DPCC.
(600 r/min, iq alters from 0 to 2 A).

speed of the motor is given by the Micno load inverter. The
SPMSM operates at 600 r/min, and the i∗q alters from 0 to 2 A.
It can be seen that the LDOB-DPCC achieves better dynamic
performance than the DPCC. For the DPCC, iq rises to about
4A first, and then drops back to 2 A within 3 ms. For the LDOB-
DPCC, iq reaches the target value within 1.0 ms, and there is no
overshoot. Moreover, the iq ripple of the LDOB-DPCC (0.2 A)
is less than that of the DPCC (0.3 A).

C. Load Disturbance Performance

The load disturbance performances of the LDOB-SPDC and
PI control are studied in Figs. 11 and 12. Both methods are
implemented at a speed of 600 r/min with a 2.4 N·m load dis-
turbance. When the load disturbance is applied, the rotor speed
of the LDOB-SPDC has a slight reduction of 60 r/min at the
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Fig. 11. Experimental results of load disturbance performance. (LDOB-SPDC
cascade with LDOB-DPCC, 600 r/min, load torque alters from 0 to 2.4 N·m).

Fig. 12. Experimental results of load disturbance performance. (PI control
cascade with LDOB-DPCC, 600 r/min, load torque alters from 0 to 2.4 N·m).

Fig. 13. Experimental results of steady-state performance. (LDOB-SPDC cas-
cade with LDOB-DPCC, 600 r/min, 2.4 N·m).

initial time (smaller than that of the PI control, 100 r/min) and
then returns to the given speed within 0.04 s (0.06 s for the PI
control). It is illustrated that the LDOB-SPDC is superior to the
PI control in terms of load disturbance performance.

D. Steady-State Performance

The rotor speeds, d- and q- axis stator currents and a-phase sta-
tor currents of the LDOB-SPDC and PI control at a given speed
of 600 r/min with a load torque of 2.4 N·m are shown in Figs. 13
and 14. It is noted that the speed ripple of the LDOB-SPDC is less
than 7 r/min, and that of the PI control is greater than 10 r/min
as a comparison. Both methods achieve good stator currents. In
order to compare the stator current quality of the two methods,
the total harmonic distortions (THDs) of a-phase stator currents

Fig. 14. Experimental results of steady-state performance. (PI control cascade
with LDOB-DPCC, 600 r/min, 2.4 N·m).

Fig. 15. THDs of a-phase stator currents using the PI control and LDOB-
SPDC. (LDOB-DPCC current loop, 600 r/min, 2.4 N·m).

Fig. 16. Steady-state performance under stator inductance variation. (LDOB-
SPDC cascade with LDOB-DPCC, 75 r/min).

are further analyzed in Fig. 15, where a-phase stator current of
the LDOB-SPDC has smaller THD (−29.4885 dBc) than that
of the PI control (−29.2782 dBc).

E. Parameter Sensitivity Evaluation

From (19), (20), and (22), the LDOB-DPCC is only affected
by stator inductance, while the DPCC is affected by stator in-
ductance, stator resistance, and permanent magnet flux linkage
of SPMSM. Figs. 16 and 17 show the steady-state comparison of
the LDOB-DPCC and DPCC under stator inductance variation,
respectively. The speed reference is given as 75 r/min, and the
stator inductance is reduced from 6 to 0.6 mH within 2.6 s. It can
be seen that the LDOB-DPCC performs better than the DPCC in
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Fig. 17. Steady-state performance under stator inductance variation. (LDOB-
SPDC cascade with DPCC, 75 r/min).

terms of iq ripple and speed variation over the full range of sta-
tor inductance variation. The speed ripple of the LDOB-DPCC
(less than 1 r/min) is larger than that of the DPCC (about 5 r/min)
when the stator inductance varies from 6 to 5 mH and from 1.8
to 0.6 mH.

V. CONCLUSION

In this paper, the disturbances and mismatches in speed d- and
q-axis current loops are estimated by using the Luenberger ob-
server. Based on the estimated disturbances, the LDOB-SPDC
and LDOB-DPCC are applied to the speed and current loops of
SPMSM control scheme, respectively. The proposed method is
implemented on the Zynq SoC, and the FPGA implementations
of the LDOB-DPCC and DPCC are compared and analyzed in
detail in terms of area utilization and time consumption. The
current loop module, PWM generator module, encoder decod-
ing module, and ADC interface module are fully implemented
on the FPGA core of Zynq, and the current loop execution time
is greatly shortened benefit from the parallel processing capa-
bilities of the FPGAs. HLS-based design not only speeds up the
development of the current loop, but also improves the accu-
racy of the algorithm. Experiments show that the LDOB-DPCC
has better dynamic performance and parameter robustness than
the DPCC, and the LDOB-SPDC has better steady-state perfor-
mance, dynamic response performance, and load disturbance
suppression ability than the PI control.
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