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Starting Control of Free Piston Stirling Linear
Generator System Based on FOC

Qiaoling Yang, Kechun Zhang, Shenghui Guo, Boliang Song, and Xiaoyu Zhang

Abstract—Aiming at the problem of poor system dynamic
performance caused by low parameter matching in the
coordinated control of Stirling engine and linear generator in the
starting stage control of free piston Stirling linear generator
system, a joint control method of free piston Stirling permanent
magnet synchronous linear generator system based on field
orientation control is proposed, based on the theoretical
derivation of the mathematical model of the system and the
principle of controller parameters setting, the simulation
experiments of the system starting stage under several Stirling
engine working conditions are carried out under simulation. The
experimental results show that the stability and rapidity of the
system are improved, and the dynamic response speed of
generator parameters under different working conditions is
accelerated, what fully verifies the correctness and effectiveness
of the method. It provides an effective way to improve the control
performance of the system and stabilize the power generation
operation.

Index Terms—Parameter setting, Field orientation control,
Double closed loop, Permanent magnet synchronous linear
generator.

I.  INTRODUCTION

ITH the continuous attention of the state to the strategy

of carbon neutralization and carbon peak, renewable
energy power generation has ushered in space for further
development. Among them, the free piston Stirling
engine(FPSE), which belongs to the dish Stirling thermal
power generation system, has great potential in space
technology, nuclear energy application, solar energy
application, heat recovery and other fields because of its
simple structure, fuel diversification, cleanliness and
efficiency [1]. Permanent magnet synchronous linear
generator(PMLSG) has the advantages of fast response, high
precision and low noise [2], which is widely used in military
field, transportation system, CNC machine tool and other
fields [3]. Combining the two can simplify the system
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structure, improve the system efficiency and stability, and
effectively promote the development and utilization of new
energy.

For the free piston Stirling power generation control system,
the control strategy mainly includes starting stage control and
generating stage control.[4] Quanrong Gong [5] adopted the
three closed-loop structure of position, speed and current for
the control system of free piston Stirling permanent magnet
linear generator, mainly studied the smooth start of the system,
and verified the correctness of the system only by the effect of
position control in the start-up stage of the system and whether
the speed end can decline smoothly. Shuqing Zhang [6]
adopted the stroke current control strategy for the single-phase
permanent magnet linear oscillation motor in the starting stage,
and only the experimental results of stroke and frequency are
used to reflect the dynamic response process of the system
from the side. Yongheng Huang [7] used three closed-loop
control of position, speed and current in the system starting
stage to control the motor stroke and displacement by
controlling the motor position and speed, so as to achieve the
purpose of normal startup and operation of the system.

The above control strategy does not fully consider the
dynamic response characteristics of generator electromagnetic
thrust, d —¢ axis current and other parameters in the system,

so it is impossible to evaluate its dynamic performance from
the perspective of the whole system. In this paper, a joint
control method of free piston Stirling permanent magnet
synchronous linear generator system based on field orientation
control(FOC) is proposed, and the system controller
parameters are adjusted to engineering practice, the simulation
verification is carried out in the starting stage of the system,
and the dynamic performance of the main parameters of the
system in the process is comprehensively evaluated.

II. SYSTEM MATHEMATICAL MODEL

Linear motor evolved from rotating motor. When the
rotating motor is cut along its radial direction and its
circumference is expanded into a straight line [8], linear motor
can be regarded as another existing form of rotating motor.
The free piston Stirling power generation system mainly
includes FPSE and PMLSG. PMLSG is a complex object with
multivariable, strongly coupled, nonlinear and variable
parameters[9]. It is assumed that the permanent magnet has no
damping effect, the mover has no damping winding, and the
magnetic field is sinusoidal distributed along the air gap,
regardless of iron core saturation, eddy current and hysteresis
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loss.[10] The voltage equation and electromagnetic thrust
equation of PMLSG in three-phase static coordinate system
a—b—c areas follows:

dy.
u =ri +—=+ 1
a s a dt ( )
., dy,
U, ’”slb+d_t[ (2)
. dy
u, =ri +—= 3
cTH T 3)
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Where u,, u,, u,isthe phase voltage of stator winding,

Wb ’ l//c
is ABC three-phase flux linkage, vis traveling wave magnetic
field speed of linear motor [11], E, , E,, E, is the back EMF

three-phase winding, F, is electromagnetic

e

i,» i, » i isthe phase current of stator winding, v, ,

of a-b-c
thrust of linear motor, r, is the resistance of stator.

In order to facilitate the order reduction and decoupling
transformation of the mathematical model and the later design
of the controller, it is necessary to transform the a—b—c
three-phase static coordinate system into o — g Under the

two-phase stationary coordinate system, it is transformed from
Park coordinate to d—g synchronous rotating coordinate

system. The Clark transformation process is as follows:
(Lo Jp S )=Tsnslts 1o S )
Where T, is a coordinate transformation matrix, which

can be expressed as:
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The park transformation is as follows:
AR Al @)
cosd, sind,
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To sum up, the transformation from a—b—c three-phase
stationary coordinate system to d—g two-phase rotating
coordinate system can be expressed as:

(1 £ H] =T T lfe fo S]] O

Where f represents motor Voltage, current, flux linkage,

and other variables.
By substituting PMLSG voltage equation, electromagnetic
thrust and mechanical motion equation into the above formula,
the mathematical model in d —¢g coordinate system is :

di

L,—%=u,+

dt (10)

T .
=W, —ri,
T

di T .

qu;]:uq_?vl//d_rjvlq (11)

3rx . ..
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M ? =F-F, -By (13)
Where P, is the number of poles of the motor, 7 is the pole
pitch, M is the mover mass of the linear motor, F, is the
load resistance and B, is the mechanical damping

coefficient.

During the starting stage, the FPSE piston is driven to move
by inverting the battery into AC, so as to achieve the purpose
of stable operation of the engine. Therefore, for FPSE, it can
be regarded as load relative to the system. The equation of
FPSE power piston thrust F is as follows:

X
F=k(7”—x) (14)

Where k is the equivalent damping coefficient, X, is the

amplitude of piston and x is the piston displacement.

III.  CONTROL SYSTEM DESIGN

Based on the idea that the armature current and excitation
current of DC motor are perpendicular to each other, no
coupling and can be controlled independently, FOC decouples
the motor stator current into thrust component and excitation
component in d —g coordinate system through coordinate
transformation, so that PMLSG has control performance
similar to DC motor [12]. Based on the mathematical model in
d —q coordinate system, PMLSG can realize the decoupling
of voltage, current, flux and other variables.[13] The control
scheme with i,=0 is simple and has excellent
characteristics.[14] Compared with PMLSG, it is the control
with the largest thrust current ratio, and it is easier to realize
motor speed regulation. To sum up, FOC can realize the
decoupling of PMLSG control parameters and the control of
thrust linearization in the system startup stage [15].
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i~0 control structure block diagram.

Fig. 1.

A. Design of current loop based on Pl

The function of the current loop is to start with the
maximum current during the motor starting stage, and quickly
recover in case of external disturbance, accelerate the dynamic
tracking response speed and improve the system stability.
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Because the control method of i, =0 is adopted in this
paper, the system characteristics of d —q axis current loop

are symmetrical and similar. Next, only the parameter setting
method of ¢ axis current Pl control is analyzed. The

parameters setting of d axis current PI control is similar to
that of ¢ axis current [16]. Due to the delay link and small

inertia link of PWM control, the structural block diagram of
q axis current loop is shown in the Fig. 2:
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;
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+

Fig. 2.
For simplified analysis, the disturbance caused by @y, is

structure diagram of q-axis current loop.

not considered .The simplified structure of g axis current

loop can be obtained through a series of mathematical
operations, as shown in the Fig. 3:

Fig. 3.

simplified structure of q-axis current loop.

According to the above structural block diagram, the
open-loop transfer function and closed-loop transfer function
of the system are expressed as:

k,
G =—2r 15
©ren R 7.5Q2T, +1) (1)
- 1 (16)
(close) —
1+ RxTi S+ 2TvR.vTi SZ
kl.p k,.p

According to the dynamic performance index parameter
table of typical type I system, the damping ratio &= 0.707 is
the best second-order system, thus:

2Tk, 1
Rz, 2 17

The PI parameters of the current loop can be calculated as

follows:

Lq
kip = E (1 8)
k,
ky =—2 (19)
Lq /R&

The output limiting of Simulink's own PI model only limits
its output, and the internal integral term is not affected by it
for continuous integration, which will lead to a large output of
integral term, which cannot be desaturated when the ASR of
the double closed-loop speed regulation system is desaturated.
In order to obtain the same working characteristics of the
actual controller and the designed PI controller, the current
loop PI controller limit is set according to the limitation of the
modulation mode, and the maximum SVPWM regulation is 1,

that is, the limit amplitude is U, /~/3 .

B.  Design of speed loop based on PI

For the PI controller used in the speed loop of the system,
the system has no static error, the speed n can quickly
follow the given speed »°, reduce the speed error in the
steady state, and has anti-interference effect when the
simulated FPSE changes. The load resistance is introduced as
a disturbance. Since the mechanical damping coefficient B,
is negligible in the project, the structural block diagram of the
speed loop can be obtained, as shown in the Fig. 4:

n
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g. 4. structure diagram of speed loop

Ignoring the equivalent FPSE resistance, the current loop is
equivalent to a small time constant 47, and small time
constant of speed signal sampling 7, is combined to obtain a

simplified speed loop structure block diagram, as shown in the
Fig. 5:
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Fig. 5. simplified structure diagram of speed loop

According to the above structural block diagram, the
open-loop transfer function is:

3 my ok, (7, +1)
Gy =2
(open) 2
Mzt S7(5T,S+1)

The intermediate frequency(IF) bandwidth of speed outer
loop:

(20)

h=—
T

&N

21

According to the open-loop function of typical II system
and its parameters setting relationship:
3
57k,
(22)
The IF bandwidth %4 =35 is generally taken in engineering
application, and which is substituted into the above formula

and derived as follows:

3
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The above is the theoretical analysis and calculation of PI
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controller parameters of current loop and speed loop, and the
actual operation of the system is often different from the
theoretical analysis, so the parameters should be adjusted
appropriately according to the actual situation in practical
application.

C. SVPWM algorithm

SVPWM is based on the principle of average equivalence.
By combining the basic voltage vectors within, the average
value is equal to the given voltage vector in a switching cycle
Ts. Advantages:1)PWM has better harmonic elimination effect
than SPWM, improves voltage utilization and is easy to
realize; 2)PWM algorithm improves dynamic response speed
of motor and reduces motor torque ripple; 3VPWM is suitable
for digital control system. The synthetic voltage space vector
diagram under the complex plane is shown in the figure:

U,(001) U,(101)

—
Fig. 6. Space vector diagram of synthetic voltage.

IV. SIMULATION ANALYSIS

The simulation block diagram of the starting stage control
of free piston Stirling power generation system based on FOC
is shown in the figure. Motor simulation parameters: P,=2,
M =0.824kg L,=L,=17TmH T=9mm

r,=0.448Q y, =0.0513Wb , B, =10
complexity of FPSE mathematical model and the limitation of
experimental conditions, the equivalent working conditions of
FPSE under three idealized conditions
of F=100N ; FF=100sin(2* pi*30*f)N,(0<¢<0.2s5) ; and
F=800t(0< F<100N),(0<t<0.25) are

analyzed respectively.

Figure 8-10 shows the motor current waveform under
different thrust of the ideal FPSE. In Figure 8, the system
reaches stable operation state at 0.004s. Figure 9 since the
equivalent FPSE is a sinusoidal thrust, the system also
changes sinusoidally on the basis of stable operation state. In
Figure 10, the motor current increases in proportion to the
thrust of FPSE, and the system operates stably at 0.125s.

The speed loop belongs to the second-order system. From
the amplitude frequency curve and phase frequency curve of
the second-order system, the main parameters affecting the
second-order system are frequency and damping ratio. When
the damping ratiois 0.6~0.8, that is, the system is in the

Because the

simulated and

Scope

PMLSG

30/z

Fig. 7. Simulation system diagram.
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Fig. 8. Current diagram of F =100N motor.
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Fig. 9. Current diagram of F = 100sin(2*30*¢)N,(0 < ¢ < 0.2s) .motor.
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Fig. 10. Current diagram of F = 800£(0 < F <100N),(0 <¢ < 0.2s) motor.

underdamped state, better comprehensive performance can
be obtained. In engineering application, damping ratio ¢ is
general 0.707. It can be seen from the speed waveform
converted from the speed of linear motor to rotating motor in
Figure 10 that when F =100N , the overshoot:
_h(t,)=h()

()

% x100% = 16% (26)

Since the allowable value of speed overshoot in the motor
control system is generally 20%~30%][17], the above shows
that  the system  has good stability. When
F =100sin(2*30*¢)N,(0<t<0.2s), due to the sinusoidal



YANG et al.

change of F', the motor speed also changes sinusoidally.
When F =800¢(0<F <100N),(0<¢<0.2s) the speed

overshoot increases slightly.
F=800(0< F <100N),(0<1<025)
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Fig. 11. Motor speed diagram.

As can be seen from Figure 12, when the control system
adopts FOC, in terms of -electromagnetic thrust,

when /' =100N , the system reaches a stable operation state at
0.004s, with fast instantaneous start and small perturbation. It
is suitable for control occasions requiring rapid response to
electromagnetic thrust. It can be seen from (13) that the
system operates stably and ignores B, , F, = F;, =100N . When

F =100sin(2*30*¢)N,(0 <t <0.2s5) reaches the peak value
and F =800¢(0< F <100N),(0<t<0.2s5) reaches the target

value of 100N, the simulation results are consistent with the
theoretical calculation.
600
500
400

200l F=100N F= lOOsm(2*30*t)N(0< 1<0.25)
300 F=800£(0 < F <100N),(0 <7 <0.2s)
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Fig. 12. Electromagnetic thrust diagram of motor

From Figure 13, the current waveform of motor i, can

verify the correctness of i, =0 control method and motor

When F=100N , refer to (12), which is the
thrust equation of linear motor,
i, =27F, /37[1//1 is calculated as 2.0 A, which is consistent

model.
electromagnetic

with the simulation results. And it can be seen from the above
formula that in the permanent magnet motor y, is constant,

the change of i with the change of the electromagnetic

thrust F,. The above analysis can also be verified from
F =100sin(2* pi*30*7)N,(0<1<0.2s)
F =800t(0< F <100N),(0<¢<0.25).
Figure 14-15 compares the PMLSG speed and
electromagnetic thrust waveforms based on FOC system and
open-loop control system respectively. It can be clearly seen
from the figure that the free piston Stirling power generation

system designed in this paper has good stability and rapidity
under three working conditions of F =100N

>

: STARTING CONTROL OF FREE PISTON STIRLING LINEAR GENERATOR SYSTEM BASED ON FOC 199

F =100sin(2* pi *30*¢)N,(0< 1 <0.25)
F=800t(0< F<100N),(0<£<0.25).

and

10

8

6 F=100N
2 F =800(0 < F <100N),(0 <1 <0.25)
s L0 F=100sin(2*30* )N, (01 <0.25)
B
|
0 M"\/ \/ \/ \</
Sl
\ \ \ \ \ \ \ \ \ ;
0 0.0z 004 006 008 2 014 016 0.18 0.2
Time t(s)
Fig. 13.  Motor iq graph.
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Fig. 14. Motor speed diagram of different systems.
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Fig. 15. Electromagnetic thrust diagram of motors in different systems.

V. CONCLUSION

Through the simulation of starting control of power
generation system under three equivalent working conditions
of  engine power  piston  thrust F=100N ;
F =100sin(2* pi *30*¢)N,(0<1<0.25) and
F =800t(0< F <100N),(0<1<0.25),
joint control method of free piston Stirling permanent magnet
synchronous linear generator system with i, =0 FOC can

it is shown that the

effectively improve the stability and rapidity of the system in
the starting stage. In the dynamic response process of PMLSG
parameters under different working conditions of FPSE, the
parameter setting method of system controller derived from
theory can effectively guide the experimental parameter
setting, and has good engineering application value.
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