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Abstract—As the key power part of the linear compressor, the
linear oscillatory motor (LOM) has been paid more attention by
both academia and industry recently for its compact size, high
efficiency, low vibration, etc. In practice, the efficiency of LOM is
significantly impacted by the changes in load parameters, of which
the best working point can be tracked by the resonant frequency
tracking control (RFTC). However, the traditional RFTC with the
idea of stroke-current phase suffers some problems, such as slow
tracking speed, low accuracy, fluctuate amplitude of piston, and
so on. In this article, a novel fast efficiency optimization control
algorithm based on the orthogonal current phasor model is pro-
posed for LOM. This new model can achieve the decoupling of
current components that act on piston stroke and system efficiency,
respectively. Moreover, the driving frequency can be adjusted by
current decoupling control with a designed phase-locked loop.
Based on the aforementioned, the decoupling control of the LOM
drive system can be achieved, which can simultaneously improve
the system response speed and the output efficiency. Comprehen-
sive simulation and experimental results have fully demonstrated
the advantages of the proposed method.

Index Terms—Efficiency optimization control, linear comp-
ressor, linear oscillatory motor (LOM), orthogonal current phasor
model, resonant frequency tracking control (RFTC).
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I. INTRODUCTION

S THE core part of refrigeration equipment, such as re-

frigerator and air conditioning, the linear compressor has
higher efficiency, lower noise and vibration, smaller volume,
etc., compared to the traditional rotary compressor [1], [2], [3].
For its direct-drive manner, the linear compressor system can
successfully remove the mechanical transmission components,
such as crankshaft and connecting rod, which can reduce the en-
ergy loss of the intermediate link greatly [4], [5]. In general, the
efficiency of linear compressor is 15%—-25% higher than that of
traditional rotary compressor, where the key power component,
linear oscillatory motor (LOM), can usually get high efficiency
with over 90% [6], [7], [8].

In general, the working efficiency of linear compressor
changes with the variation of driving frequency and gas load
parameters. For a particular gas load, the linear compressor
can work at the highest efficiency by adjusting the working
frequency approaching to the resonant frequency [9]. When the
operating frequency is far away from the resonant operating
point, the efficiency of LOM will be seriously reduced. There-
fore, the efficiency optimization control strategies should be
carried out to ensure the efficient operation of linear compressor.

In the early stage, the constant frequency control is adopted
for the LOM, which leads to an inefficient operation since
the characteristics of the motor are neglected. Then, a double
closed-loop control method of stroke and frequency is proposed,
which makes the LOM work close to its mechanical resonance
frequency [9]. Such control strategy has become the mainstream
control scheme for LOM in the following researches. Subse-
quently, a control strategy based on zero crossing detection is
proposed to obtain the mechanical resonance frequency, which
is easy to implement [10]. However, it has suffered a series of
defects, such as being sensitive to noise and vibration.

To get around such problem, a phase angle detection method
based on the average value of stroke-current product (ASCP) is
proposed [11]. It points out that the phase difference between
piston stroke and current is 90° when the LOM operates at its res-
onant frequency. And the drive frequency can be adjusted to the
resonant frequency according to the stroke-current phase differ-
ence, which realizes the efficient operation. Inspired by this idea,
the follow-up studies have been mostly focused on the method to
obtain the stroke-current phase difference. Different judgment
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criteria are used to identify the resonant frequency of the motor,
and the given frequency of sinusoidal pulse width modulation
(SPWM) is modified to achieve the tracking effect. Therein, a
resonant frequency tracking control (RFTC) algorithm for the
LOM based on virtual coordinates and second-order generalized
integrator is proposed [12]. The phase difference information
of current and piston stroke is obtained by coordinate transfor-
mation and calculation of current. This scheme of tracking the
resonant frequency can accurately follow the optimal working
frequency of the motor and effectively improve the operation
efficiency of LOM. However, the idea of this algorithm is still
limited to calculating the phase difference between piston stroke
and current, which obtains the resonant frequency indirectly.
The calculation of the phase difference will be affected by the
dynamic operation of the motor, thus reducing the response
speed of the frequency following when the motor starts, changes
the piston amplitude, and changes the load. Meanwhile, this
control strategy is dependent on the relationship between phase
difference of stroke-current and resonant frequency, which is
mostly based on qualitative analysis without strict mathematical
derivation and analysis.

In order to get rid of the limitation of indirectly calculating the
resonant frequency through the phase difference of piston stroke
and current, the method of parameter identification is used to
realize resonance frequency tracking in [13] and [14]. The RFTC
based on model reference adaptive system is proposed in [13],
and another control strategy via adaptive full-order observer is
proposed in [14]. Aiming at identifying gas load parameters of
the LOM system to calculate the resonance frequency directly,
these two methods have better tracking ability when the work-
ing state of the motor changes. However, there are still some
problems in its convergence speed and stability of parameter
identification. Meanwhile, the idea is still to identify and then
track the resonant frequency, which still suffers from the problem
of slow response for RFTC.

For the control strategies mentioned earlier, the efficiency
control and the piston stroke control cannot be decoupled. It is
known that the current control can reach a faster response than
the V-F control. However, as a single-phase motor, it is difficult
to achieve current control for LOM. Due to the use of three-phase
current and related space vectors for coordinate transformation,
the conventional dqg-axis decoupled vector control cannot be
used for the LOM directly. As a result, the abovementioned
control schemes adopt a similar V-F control method with directly
given voltage and frequency. Meanwhile, compared to tradi-
tional single-phase motor, LOM has the characteristic of highly
coupled system, which lead to a slower response of the system.
To get around this problem, the amplitude detection is used to
achieve the current control for LOM [15], [16]. Nevertheless,
such methods cannot get real-time current information, and the
control result is not satisfied enough.

In order to solve the abovementioned problems, a novel fast
efficiency optimization control method is proposed for LOM
based on an orthogonal current phasor model. The main contri-
butions of this article can be summarized as follows.

1) Based on the idea of virtual coordinate system, an or-

thogonal current phasor model is designed for LOM. The
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Fig. 1.
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Basic model of the LOM. (a) Equivalent circuit. (b) Kinetics model.

complexity and coupling degree of the motor model are
reduced effectively by decomposition of current phasor.
And by analyzing the relationship between the current
component in the direction of velocity and piston stroke,
the LOM system is decomposed into two decoupled parts
to achieve independent control of its amplitude and fre-
quency.

2) The current decoupling control (CDC) is proposed based
on the orthogonal current phasor model. By keeping the
current component orthogonal to the velocity to zero,
the function of efficiency optimization control can be
achieved. By controlling the current component in phase
with speed, the response speed of the piston stroke control
can be improved with the current closed-loop.

3) The signal processing strategy is specially designed for the
current orthogonal model and decoupling control concept
mentioned earlier. The SOGI-QSG and phase-locked loop
(PLL) are used to process the voltage and current signals.
The relevant orthogonal signals are obtained by a SOGI-
QSG while filtering and further achieves the observation
of piston stroke, and a single-phase PLL is used to obtain
the frequency and phase information as required in the
transformation.

The rest of this article is organized as follows. In Section II,
the mathematical model of LOM is introduced and the system
characteristic is analyzed to show the control principle of tradi-
tional RFTC. In Section III, the orthogonal current phasor model
and CDC are proposed. In Section IV, the signal processing and
position calculation used for CDC are illustrated in detail. In
Section V, the proposed algorithm is verified by comprehensive
simulation and experimental results. Finally, conclusions are
drawn in Section VI.

II. MATHEMATICAL MODEL AND SYSTEM CHARACTERISTIC
ANALYSIS

A. Mathematical Model of the LOM

The structure of LOM is shown in Fig. 1. In order to sim-
plify the analysis, the following assumptions are given: 1) Core
saturation is neglected; 2) Eddy current and hysteresis loss are
ignored; 3) Gas load force is linear.

As shown in Fig. 1(a), the circuit equation of LOM can be
expressed as follows:

di
= Ri+ L— 1
u= Ri+ dt+e (D
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where u is the input voltage supplied by a PWM inverter with
bus voltage Uy, i the current, R the winding resistance, L
the winding inductance, and e the back electromotive force
(EMF) generated by the movement of mover. The back EMF is
proportional to the velocity v with a structure-based coefficient
ki, as given by
dpyy,  dipy  dx
=0 T dr dl @
where 1)y, is the permanent magnet flux and x the piston stroke.

In the kinetics model as Fig. 1(b), the electromagnetic thrust
F. is also proportional to the current with &;, which is given as
follows:

2
Fe:kii:Fk+and+f:sz§+C%+kx 3)

where F is the string force, Floaq the load force, f the friction
force, m the total mass of mover and piston, k the equivalent
elastic coefficient of the system, and ¢ the equivalent friction
coefficient of the system.

B. Analysis of System Characteristic

Since the linear compressor is driven by single-phase alter-
nating current (ac), the mathematical model can be written in
phasor form, as illustrated by

U=I(R+jwl)+kV @
kil = [c—}—j(wm—ﬁ)]"/

w

By calculating the input and output power of the system, the
efficiency of the motor can be obtained by

= Pout = Re (UI) = kiQC (5)
Py Re(pv) ki’c + Re (R’ + Xu?)
where the equivalent mechanical impedance is given by
k
ZmRerijchj(mww). (6)

As seen from (5), X, is the only parameter changing with
the driving frequency, and when the load of the compressor
is determined, the other parameters are fixed values. That is
to say, the working efficiency of the motor under the same
working condition is only related to the driving frequency. When
X,y in the equivalent mechanical impedance is O, the system
efficiency has the maximum value. From (6), it can get the
driving frequency w = /K /m = wy, that is, when the input
voltage frequency is equal to the system resonant frequency, the
compressor has the highest working efficiency.

In order to determine the relationship between the observed
current, piston stroke and working efficiency of the system, the
relationship between piston stroke and current can be expressed
as follows:

F T (B~ X @

w’>. ®)

X
1

0,._; = —arctan
o <k—mw2
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When the system reaches its highest efficiency, X, in the
equivalent mechanical impedance is 0. At this time, it can be
seen that the phase angle between the piston stroke and current
is —90°, i.e., the current is 90° ahead of the piston stroke. The
analysis shows that there is a monotonic relationship between
the driving frequency and the phase angle (between piston stroke
and current). Taking this as the judgment criterion, the frequency
closed-loop control of LOM is carried out by calculating the
trigonometric function value of the phase angle.

III. ORTHOGONAL CURRENT PHASOR MODEL OF
LOM AND CDC

The traditional LOM model can effectively analyze the
system characteristics, which is usually used for frequency
and amplitude control. However, compared to other traditional
single-phase motors, the physical quantities in this model are
highly coupled, so it is hard to get good control performance.
Meanwhile, due to the lack of analysis of the current model,
control strategies based on traditional models could only use
single-phase sinusoidal current signals. Although some control
techniques such as PR/PIR can be used to control the ac, the
control performance is unsatisfied under high-frequency oper-
ating conditions. Therefore, it is necessary to analyze the current
model of LOM.

A. Orthogonal Current Phasor Model of LOM

When the LOM operates at steady state, the phase difference
between electromagnetic thrust and piston velocity can be de-

rived as follows:
mw? — k
> )

0y_pe = Oy_; = arctan
cw

where w is the angular frequency.

Thus, the current can be decomposed into the component I,
in phase with the velocity and the component [, orthogonal to
the velocity. The phaser equation can be described by

U= (fv + fx) (R+ jwL) + &V

I,+1,=1 (10)
ki (fv n I'X) = (R + j X)) V
where the equivalent mechanical impedance is given by
k
Zm—Rerij—chj(mw). (11)
w

According to the phase relationship between I, I and V, the
expressions of the two current components can be described as
follows:

I I R
M= . 12
|:Ix:| Rm +JXm l:]Xm:| ( )
The corresponding phasor diagram can be obtained in Fig. 2.
Furthermore, the expression of velocity and piston stroke with
respect to the two current components is
_ ki I VoY ] ki I v

X =- . 13
R (13)

v wRy,
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Fig. 2. Phasor diagram of the LOM.

The amplitude of both velocity and piston stroke is propor-
tional to the current component I,. In this way, the motion
equation of LOM presents a linear function relationship similar
to that of direct current (dc) motor.

B. Relation Between Efficiency and Current Phasor

The expressions of input and output power derived from
orthogonal current vector model can be expressed as follows:

.12 .12
I| + Ro|lx

Py =Re (U1) = (R+ 1’;2

.o B2
P = Re (BV) = 5|1,

(14)

where the output power is proportional to the square of the
current component I,, while the input power is determined
by the square of both current components. The efficiency
expression of the motor can be obtained as follows:

12
RRm‘I‘

2 = (15
(RRw -+ k2) |1 = k2L

According to (15), it can be known that when the input current
is constant, the efficiency will be affected by the amplitude
of current component I,.. And the maximum of efficiency can
be achieved when fx = 0. At this time, the current and piston
velocity are in the same phase. In addition, the piston motion is
proportional to the current component I,,. Therefore, the piston
stroke can be adjusted by controlling the value of I,.

The relationship among the current component Iy, the phase
between piston stroke and current, and the system driving fre-
quency can be further calculated by

I, (mw2 — k)
Vm2wt + (2 — 2mk) w? + k2

I, = I, cosfly_; = (16)

where [, is the amplitude of current. It is noted that the current
component I, is essentially related to the phase difference
between piston stroke and current. Using the motor data of the
experimental platform, the ratio of I to I, is plotted as shown
in Fig. 3.

The I increases monotonously with the motor drive fre-
quency, and when the motor operates at its resonant frequency,
i.e., w=wy = \/k/m, the current component I, = 0. There-
fore, this control method performs as an RFTC algorithm in
principle. And the response speed of frequency tracking can be
effectively improved by avoiding the definite integral calculation
in traditional RFTC algorithm.
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Fig. 3. Relation between the ratio of current component Iy and current
amplitude I, and driving frequency f.
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Fig. 4.

C. Current Decoupling Control

The current loop control method of LOM is different from
that of traditional motors, and its origin lies in the following
two points: 1. The electrical angle acquisition of coordinate
transformation; 2. Adjustment of drive frequency. It is not only
necessary to obtain the frequency and phase of the system, but
also to achieve the effect of frequency regulation by controlling
the current component. Therefore, LOM needs to analyze its
frequency and phase control scheme separately, as detailed in
the following.

Based on the designed orthogonal current phasor model, the
two current components can be adjusted, respectively. Differ-
ent from the general ac motor, the position signal of LOM is
sinusoidal and has a phase difference with its voltage signal.
According to (1), (2), and (9), this phase difference can be
obtained as follows:

m kiQ* LXm
RRy, + w ) (17)

eu—x = arctan < RXm T wLRm

The angle 6,y is related to the equivalent mechanical
impedance Z,, = R, + j X, which changes constantly during
motor operation and it is impossible to get their real-time values.
On the other hand, the phase of position signal cannot be directly
extracted due to the varying amplitude. Therefore, the position
signal cannot be directly used for Inv. Park Trans.

According to the abovementioned problem, a PLL should be
applied for the voltage control of LOM, whose control block
diagram is shown in Fig. 4. The voltage angle obtained by the
PLL can be used for Inv. Park Trans. to generate the fundamental
voltage signal, thus completing the closed loop of CDC [17].

The “Mod” in Fig. 4 refers to the residual calculation, aimed
at obtaining the electrical angle within the range. The *“fy” refers
to the initial reference frequency input in PLL, which is used
to promote the response speed and tracking ability for PLL.
Moreover, the PLL not only provides the angle of vector control,
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but also plays an important role of frequency regulation. For
general ac motors, the speed and driving frequency can be ad-
justed by increasing or decreasing the torque current component.
However, the electromagnetic thrust of LOM is independent
of the driving frequency. Simply adjusting the electromagnetic
thrust will only change the motion stroke of the piston, but not
the operating frequency of the system.

Therefore, the LOM control system needs a special fre-
quency regulation part. The traditional control scheme adopts
the method of directly setting the frequency of the voltage for
frequency modulation, while the control of I, = 0 and voltage
PLL in this control method accomplish this work together.

The current controller is in the form of PI. The outputs of the
two controllers are, respectively, recorded as u. " and uy*, which
can be described as follows:

{uf, (t) = Kprew () + Ky [ ex (1) dr

u; (t) = Kpgeix (t) + Ko fto Cix (T) dr (18)

where K,; and Kj; represent the proportional control gain
and the integral control gain of u,", K2 and Kjs represent
the proportional control gain and the integral control gain of
uy . The errors of the two current component controllers are
ew = I, — I, and e = — I, respectively, where I,” is the
given value of current component /.

According to Inv. Park Trans. and the characteristics of SOGI,
the expressions of two voltage signals output by SOGI can be
obtained as follows:

{ﬁl =ul (t) cos Oy + ul (t)sin Oy

iz = —up (s Oy + 3 (D eosdy 12

where 0y is the angle of the voltage signal. Furthermore, the
error of PI controller in voltage PLL can be obtained as follows:

epLL (t) = ux = uy sin Oy + ug cos Oy = u, (t)

t
= — pQIX (t)—KiQ/ IX (T)dT. (20)

to
Similarly, the controller of the PLL is also in the form of pro-
portional integral (PI). Its output frequency f;, can be expressed
as follows:

t
Io (t) = fo+ Kpeprr (t) + Kif/ epLL (7) dT (21)

to
where K¢ and Kj; represent the proportional control gain and
the integral control gain of f,,*. The relationship between current
component /,, and frequency obtained in Section II-B is shown
in (16). As shown in (16), (20), and (21), it is the adjustment
mode of motor drive frequency under the internal and external

PI controllers.

In conclusion, this control method realizes the adjustment
of piston amplitude through the double closed loop control of
amplitude — I, and the tracking of resonance frequency through
the double closed loop control of I, — PLL. Compared with
the traditional control algorithm, this scheme adds a complete
current loop, which can effectively improve the response speed
of various performance.
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Fig. 5. Phasor diagram of current, velocity, and piston stroke.

IV. SIGNAL PROCESSING AND POSITION CALCULATION

As a single-phase motor, the current and voltage of LOM
are single-phase sine signal, which cannot be used for coordi-
nate transformation directly or through basic Clark/Park Trans.
Meanwhile, the traditional position estimation algorithm also
has some issues such as integral drift. Therefore, the signal
processing and position estimation algorithm of LOM need to
be further investigated.

A. Signal Processing Method

The current and position signals need to be calculated to
achieve the current control as described in Section II. Mean-
while, there are also interference problems such as dc component
and high-frequency noise in current sampling. Therefore, one
effective processing method of voltage, current, and position
signals is designed for LOM.

Asagood orthogonal signal generator, the second-order SOGI
based quadrature signal generator (SO-SOGI-QSG) is widely
used in grid-connected inverter [18]. Both output channels have
adaptive band-pass filtering effect while orthogonal processing
is performed on the signal [19]. Through the SO-SOGI-QSG
processing, the dc component and noise interference in the signal
can be effectively filtered, thus improving the accuracy of signal
calculation. SO-SOGI-QSG can be used to process the signal
to obtain the filtered signal and its orthogonal signal, so as to
complete the subsequent calculation.

The transient state of the motor during operation is taken for
analysis. It assumes that the phase angle of the piston velocity
signal is 6, then the velocity amplitude is v,,, and the phase
angle of the current signal is 6;, that is to say, v = vy, sin 1 =
im sin 6;. According to the integral relationship between velocity
and piston stroke, the two processed piston stroke signals z1, 2o
and two current signals %1, %2 can be expressed as follows:

T1 . —cos b, i _ sin 6;
Bo| ™| siny |7 |ig| ™ |cosb

where, x, is the amplitude of piston stroke signal, and iy, is the
amplitude of current signal. The sine and cosine of the phase
angle of the piston velocity signal under this transient state can
be obtained from (22), as illustrated by

(22)

{cos GV} B 1 [—fcl} (23)
sin 6, 3242 [ T2 |

The phasor diagram of current, velocity, and piston stroke
under this transient state is as shown in Fig. 5.
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From the relationship, as shown in Fig. 5, the two current
components, I, and I as described in Section II, can be obtained
through Park Trans., as given by

I, ~ | —siné, 2 |cosf,
L’J —u { cos 0, } T {Sin&,] ’

The coordinate transformation of current is completed as
shown in (24). The dc signals I, and I, in the rotating coordinate
system with the velocity direction as the axis can be obtained
by transformation from the sinusoidal signals 71 and iy in the
stationary coordinate system. Then, as analyzed in Sections II-B
and II-C, the resonant frequency tracking and piston stroke con-
trol of LOM can be realized by adjusting the current components
I, and I.

For the amplitude calculation of piston motion, the traditional
control algorithm mostly uses the amplitude detection algorithm.
In this control program, the maximum and minimum values of
the position signal are constantly detected, and the amplitude
information can be calculated. The algorithm is easily interfered
by the burr in the position signal, which can only complete one
information update in a motion cycle, so as to deteriorate its dy-
namics and position accuracy. Therefore, a real-time calculation

method of piston amplitude in this article can be obtained from
(22), as described by

(24)

P43

[ (V1)

Tm = . (25)

Because the piston is located in a forced vibration system
composed of a mover and a spring, the motion waveform of
the piston cannot abrupt under the motion inertia of the sys-
tem. Therefore, the amplitude information of the piston can be
calculated by using the orthogonal signal of piston stroke. This
new method can update the amplitude information of the piston
in each interruption cycle of the control program, which has a
faster dynamic response than that of the traditional amplitude
detection program.

B. Improved Method of Position Calculation

For the LOM, the most common sensorless control method
is to directly calculate the piston position signal using the elec-
trodynamic equation. The piston stroke x of the piston can be
expressed as follows:

.1 , di _ Jedt
lk;i/(u_Rz_Ldt>dt_ W

It can be seen from (26) that a pure integration link exists
in the calculation process of piston stroke, which would bring
some problems of the initial value of integration and the integral
drift. The improvement of position calculation method focuses
on solving the problems caused by pure integration. The SO-
SOGI-QSG as described in Section ITI-A is used to obtain filtered
voltage and current signals, and their orthogonal signals, namely
u1, 11 and ug, 9. According to the characteristics of SOGI, it can
divide us and i5 by the angular speed of the motor, respectively,
to obtain the integral of voltage and current versus time.

(26)
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Angle Calculator

Fig. 6.  Control block diagram of stroke estimator and signal calculator.
TABLE 1
MAIN PARAMETERS OF THE LOM

Items Value Unit

Stator resistance, R 18.4 Q

Stator inductance, L 0.755 H

Thrust constant, k; 28.0 N/A

Spring coefficient, & 22.3 kN/m
Damping coefficient, ¢ 12 N-s/m
Mass of mover, m 1.024 kg

Based on (22) and (26), the piston stroke can be calculated by

i—jélzli_(/udt—R/idt—Li)

27)

This calculation method does not involve pure integration,
which avoids those problems arising therefrom. At the same
time, all voltage and current signals in the formula are processed
by SO-SOGI, which reduces the dc offset and high-frequency
burrs in the sampling process. Besides, SO-SOGI will not pro-
duce phase shift or amplitude change for the target signal of cor-
responding frequency in the process of filtering the signal. Thus,
this calculation method can effectively improve the accuracy of
stroke signal calculation. Similarly, the orthogonal signal x5 of
the stroke signal used in (18) in Section III-A can be obtained
as follows:

(28)

The method of calculation obtained from (27) and (28) is
shown in Fig. 6.

V. SIMULATION AND EXPERIMENTS
A. Simulation and Analysis

The resonant frequency tracking control method of LOM
based on CDC is simulated in this section, whose control block
diagram is shown in Fig. 7. Specific parameters are given in
Table I. In order to illustrate the effectiveness and the superiority
of the proposed method, the traditional RFTC with SOGI based
on virtual coordinate transformation method [12] is also carried
on this article.
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Current Decoupling Control
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First, simulation calculations should be conducted on the
operational efficiency of LOM to verify the theoretical analysis
mentioned in this article. Due to the complex characteristics
of the cylinder and gas load, it is difficult to accurately obtain
their input power and output power. Therefore, the operating
efficiency of the electromagnetic part of the motor is mainly
calculated here. The input electrical energy of the motor is
obtained by integrating the product of motor voltage and current,
and the mechanical energy output of the motor is obtained by
integrating the product of motor thrust and piston speed. The
ratio of the abovementioned two is the real-time power of the
system. The power simulation results at different frequencies
are shown in Fig. 8.

As shown in Fig. 8, when LOM operates at its resonant
frequency of 23.5 Hz, its operating efficiency is the highest,
about 86%. When the driving frequency of the motor is far
away from the resonant frequency, regardless of whether the
frequency increases or decreases, the operating efficiency of
the motor will decrease. The change in driving frequency has
a significant impact on the efficiency of the system operation.
When the frequency error is 2.5 Hz, i.e., the driving frequency
is 20.0 Hz, the efficiency of the motor operation is only about
15%. Therefore, it is essential to ensure that the motor always
operates at the highest efficiency operating point, which is the
resonant frequency.

The starting performance under load is shown in Fig. 9. As
seen from this picture, the LOM starts up with piston amplitude
of 5 mm. Fig. 9(a) and (c) show current and velocity during the
starting. It is observed that, once the motor reaches steady state,
the current and piston velocity of LOM are in phase under the
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proposed control algorithm. It is seen that the simulation results
are consistent with related theoretical analysis.

During the starting process, the current component i, in-
creases rapidly and then remains stable, while the current com-
ponent I, remains O after adjustment. The simulation results
show that the current vector decomposition system has a good
control effect, and components are almost free of noise and har-
monic interference. The current loop has both dynamic response
speed and stability.

According to [11], the operating efficiency of LOM can be
reflected approximately by observing the change of the driv-
ing frequency of the system. Comparing the driving frequency
changes of the two control algorithms in the starting, the CDC
algorithm has faster frequency response, better tracking perfor-
mance, and almost no overshoot, which means the LOM has
higher operation efficiency under the control algorithm.

The piston position signal during the starting is given in
Fig. 9(b). It is seen that, after about 0.5 s, the piston amplitude
reaches the given value of 5 mm. The amplitude response is fast
without steady-state error. The I and I, during startup is given
in Fig. 9(d). It is known that, during the starting, the I, rises
rapidly with short overshoot, and reaches stable very quickly,
while the I, remains O by the quick adjustment based on the
proposed method.

Fig. 9(e) and (f) show the comparison of the CDC and tra-
ditional RFTC algorithm with SOGI. The CDC completes the
decoupling control of the system, thus avoiding the interaction
between the parameters. Meanwhile, the piston amplitude and
driving frequency are adjusted by controlling the current com-
ponent. These characteristics make CDC get faster response
speed than traditional control methods. As seen from Fig. 9,
it is known that the CDC has faster frequency response, better
tracking ability, and little overshoot during the startup process,
which proves that the LOM has better drive performance under
the CDC.

At the beginning, the LOM cannot work at its highest ef-
ficiency under the initial driving frequency. Meanwhile, the
calculated current component is not completely accurate because
the PLL has not completed the tracking of frequency and phase.
Then, once the PLL approaches the frequency and phase syn-
chronization, the frequency will rise from 20 Hz to about 23.5 Hz
through the adjustment of the CDC. And the piston amplitude
will finally reach the given value of 5 mm.

It can be observed in Fig. 9 that the amplitude and frequency
response of CDC takes about 0.5 s during the starting process,
which is significantly less than about 1.3 s of ASCP method. The
dynamic response speed is consistent with related theoretical
analysis. The better amplitude response of the CDC improves
the maneuverability and flexibility of the LOM, which makes the
control system safer and more reliable. At the same time, even
though both control methods can maintain the highest operating
efficiency under steady state, the better tracking performance of
the CDC can improve the operating efficiency of the LOM in
the whole startup process.

Fig. 10 shows a simulation comparison between CDC and tra-
ditional RFTC algorithm with SOGI during the loading process.
The LOM load is the gas in the cylinder, making it difficult to
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individually change its properties and parameters. Therefore, the
loading and unloading of LOM is mainly achieved by changing
the piston amplitude, and during this process, the parameters
of the gas force load will also change accordingly. When the
piston amplitude is changed from 5 to 7 mm, the gas load of the
cylinder is also changed so that the equivalent elastic coefficient
k and equivalent damping coefficient ¢ will increase. And the
increment of k would result in the rising resonant frequency
of the drive system. Fig. 10(a) and (b) show the amplitude
and frequency responses of the CDC and the traditional RFTC
method with SOGI, respectively, when the piston amplitude
changes. The piston amplitude rises rapidly to the given value
of 7 mm under the control of algorithms, and the frequency rises

11511

= § [poeeeeeeeeeess s o e e
g 25¢
8
g ! |
S-25+ ]
2 IR S0 A A0 S A0 A A )

0 0.2 0.4 0.6 0.8 1

Time ¢(s)
(b)

0.9 ' ' ' 1
=06 -
= Ix
503 L
2 0
O

0.3 , , , ]

0 0.5 1 1.5 2
Time ¢(s)
(d)
£l
g s
P CDC
(] —
225 SOGL-|
'T;; RFTC
=0 . : . ]
0 0.5 1 1.5 2
Time t(s)
®

Simulation results of loaded starting up. (a) Motor current i and piston speed v. (b) Piston stroke signal x. (¢) Extended view of (a). (d) Current component

sS4 ' e ' ]
~23r 1
>
St —CDC ]
g SOGI-
% 21+ RFTC 1
= 20 ‘ ] . 1

0 1 2 3 4

Time ¢(s)
(b)

Simulation results of changing piston amplitude. (a) Amplitude comparison. (b) Frequency comparison.

up to the new resonance frequency of about 23.8 Hz. It can be
observed that the amplitude and frequency responses of the CDC
are faster than those of the traditional RFTC method with SOGI.

B. Experiments and Analysis

The experiment platform is shown in Fig. 11. And the hard-
ware structure of LOM driver is shown in Fig. 12, which
mainly consists of the prototyped LOM, the stroke sensor of
Soway SDVG20-50A-V2-CFP LVDT, the Hall voltage sen-
sor of CHV-50P/5mA/25mA, the Hall current sensor of LA-
50P/5mA/25mA, and the inverter with the microprogrammed
control unit (MCU) of STM32F407. The inverter communicates
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with the host computer through the RS485 transceiver. In the
MCU, the fundamental voltage in SPWM, the detected current
and stroke signals are used by the CDC to complete decoupling
control of current, and then adjust the operation of the LOM. The
calculated values are converted from digital signals to analog
ones by DAC peripherals as observed from an oscilloscope.
The experimental calculation results of motor efficiency
changes at different frequencies are shown in Fig. 13. Similarly,
the integration method is used to separately calculate the input
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electrical energy and output mechanical energy of the motor,
and then divide them to obtain the operating power of the motor.
During the motor startup process, the operating condition of the
motor and the voltage and current signals are relatively unstable.
Due to the fact that the motor has not yet fully entered normal
operating mode, the motor is not in a resonant state during the
startup process, so the electromagnetic thrust does not fully
perform positive work in each cycle. Therefore, the total input
and output power are in a state of drastic fluctuations, and the
calculated operating efficiency is also unstable. After the system
runs stably, the calculated efficiency of the motor at that certain
frequency can be obtained. As shown in Fig. 13, the motor has the
highest operating efficiency at a driving frequency of 23.5 Hz,
which is about 87%. When the driving frequency is higher or
lower than the resonant frequency, its operating efficiency will
significantly decrease. The experimental results are basically
consistent with the simulation results.

The experimental results of position observation based on
voltage and current components with SOGI proposed in this
article are shown in Fig. 14. As seen from this picture, the
center frequency of SOGI is the driving frequency of the system.
The closed-loop gain coefficient in SOGI is configured as k =
1.414, and the corresponding bandwidth is 23.5 Hz. The result by
observation method is given as xqgsq, the traditional open-loop
back EMF method is xgkr, and the actual stroke given by the
sensor is x*. The accuracy of the position signal obtained by this
observation method has been significantly improved compared
to traditional algorithms, and its amplitude and phase errors have
been reduced. The experimental results have fully demonstrated
the effectiveness and superiority of the position observation
algorithm.

Next, the CDC algorithm proposed in this article will be
validated under different operating conditions. During the ex-
periment, the PI parameters for ig and i, control are: K, ; =
0.24, K; ; = 1.1; the PI parameters for amplitude control are
K, « = 0.14 and K; « = 0.55; the closed-loop gain of SOGI
used in PLL is k = 1.414, and the PI parameters for PLL are
Ky 0 =55, Ki_g = 900.

The variation of various parameters of LOM under the control
of CDC algorithm during the load startup process are shown in
Fig. 15. In this experiment, the motor was started with load,
and the initial driving frequency was set to 20 Hz, with a given
piston amplitude of 5 mm. Fig. 15(a) shows the response of
the motor drive frequency during the startup process. As shown
in Fig. 15(a), the driving frequency is adjusted to the resonant
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frequency of 23.5 Hz after approximately 0.15 s. Subsequently,
after a very slight fluctuation, the driving frequency remained
basically stable. During steady-state operation, the motor drive
frequency is also relatively stable, with a fluctuation amplitude
less than 0.1 Hz. Fig. 15(b) shows the response of piston am-
plitude during the start-up process. During the startup process,
the piston amplitude reaches the given value of 5 mm after
about 0.6 s, with a fast response speed and no overshoot. At
the same time, the effect of amplitude control in steady-state
is also relatively ideal, with relatively small fluctuations of
about 0.1 mm. The frequency error of the PLL controller during
the startup process is shown in Fig. 15(c). It can be seen that
consistent with the theoretical analysis in Section II-C, the PI
controller in PLL plays a good role in frequency regulation.
After about 0.5 s of error, it is adjusted to O and maintained
stable during subsequent operation.

As shown in Fig. 16, the changes in the two current compo-
nents during the startup process. It can be seen that after the
motor starts, the current component /,, rises to about 0.8 A,
while the current component /I, fluctuates back to 0. The overall
adjustment process takes about 0.5 s, and the changes in the
current component throughout the process are relatively smooth.
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To verify the advantages of the proposed algorithm in re-
sponse speed, a startup experiment was conducted on the tradi-
tional RFTC algorithm with SOGI under the same conditions.
Fig. 17(a) shows the experimental comparison of amplitude
response between CDC algorithm and RFTC algorithm with
SOGI under transient conditions, and Fig. 17(b) shows the
experimental comparison of frequency response between these
two control algorithms. As shown in these figures, the CDC
algorithm has significantly better speed than the traditional
RFTC algorithm with SOGI in both frequency and amplitude
responses. Among them, the frequency adjustment takes about
25% of the latter, while the amplitude adjustment takes about
30% of the latter.

Subsequently, conduct experiments on the motor loading
process. As shown in Fig. 18, under the stable operation of the
motor piston with an amplitude of 5 mm, increase the given
amplitude value to 7 mm. Fig. 18(a) shows the variation of driv-
ing frequency during the loading process. When the amplitude
of the piston increases, due to changes in the nature of the gas
load, the resonant frequency of the motor increases from 23.5 Hz
to approximately 23.9 Hz. As the gas pressure and the amount
of gas in the cylinder also need time to be changed, there will
be a process of parameters changing. Therefore, the frequency
response speed under this operating condition is slightly slower
than the starting process of the motor. It can be seen, after
the amplitude changes, the frequency rises to the new resonant
frequency of 23.9 Hz after about 0.7 s. The variation of piston
amplitude during the entire adjustment process is shown in
Fig. 18(b). When the given amplitude value changes, the system
only takes about 0.2 s to complete the amplitude response,
adjusting the piston amplitude to about 7 mm. Subsequently, it
remained stable after slight fluctuations, and the overall switch-
ing process was relatively smooth. The variation of frequency
error in the controller during the loading process is shown in
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Fig. 18(c). Within approximately 0.1 s after switching, due to
the time required for the gas load to rise, the frequency error is
still basically 0. After about 0.6 s of adjustment, the PLL error
returned to 0 and remained basically stable.

The variation of the two current components during the
loading process is shown in Fig. 19. As shown in the figure,
during the variation of piston amplitude, the current component
I, temporarily rises to about 1.1 A and then stabilizes to about
0.95 A. The current component I, remains stable after slight
fluctuations. The overall adjustment process takes about 0.7
s, and its adjustment process is basically consistent with the
frequency response situation.

Finally, conduct experiments on the process of motor load
reduction. In the steady state with a piston amplitude of 7 mm,
the given amplitude value was modified to 5 mm to simulate
the unloading condition. The experimental results are shown
in Figs. 20 and 21. Fig. 20(a) shows the adjustment process
of driving frequency under transient conditions. It can be seen
that after a fluctuation of about 0.4 s, the driving frequency
of the motor decreased from 23.9 Hz to about 23.5 Hz and
then remained stable for the following time. Fig. 20(b) shows
the response of piston amplitude. During the load reduction
process, as the piston amplitude decreases, the gas force load
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also continuously decreases. Therefore, as shown in this figure,
there is an overshoot of approximately 0.2 mm in the amplitude
adjustment process, which will not affect the normal operation
of the motor. After giving the variable load command, the piston
amplitude reaches the given value of 5 mm in about 1.0 s,
which takes a slightly longer time but the overall adjustment
process is relatively stable. The amplitude control can effectively
complete its function. Fig. 20(c) shows the variation of PLL
controller frequency error during the adjustment process. Under
transient conditions, after approximately 1.0 s of adjustment, the
controller error returns to 0 and remains stable.

Fig. 21 shows the variation of the current component during
the load shedding process. Similar to the loading condition, after
the command is issued, the current component /,, decreases to
about 0.68 A, then gradually rises to about 0.8 A and remains
stable. At the same time, the current component /,, remains at
0 after slight fluctuations. The overall adjustment process takes
about 0.8 s, and the current inner loop can effectively achieve
the function of current control.

The experimental results fully demonstrate the advantages of
the dynamic response. Compared to the traditional RFTC control
strategy, the response speed frequency and piston amplitude
control are significantly improved by the CDC method. It is
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worth noting that the frequency jitter of the CDC algorithm in
steady-state is slightly larger than that of RFTC. This is mainly
due to the fact that PLL in the algorithm proposed in this article
has not been specially designed for the characteristics of LOM.
In addition, the double-layer frequency adjustment mechanism
of PLL-i4 in the algorithm slightly reduces the stability of fre-
quency control. Nevertheless, the experimental results indicate
that the frequency jitter phenomenon of the CDC algorithm in
steady-state is still very slight and will not affect the operation
of the motor.

VI. CONCLUSION

In this article, a fast efficiency optimization control method
based on orthogonal current phasor model for the LOM is
proposed. The operation efficiency of the system is improved
by decomposing the current along the direction of the piston
speed and optimizing the current composition. Moreover, the
piston amplitude is adjusted by controlling the thrust of the
LOM. The effectiveness of the control algorithm is verified
by both simulation and experimental results. Compared with
the traditional algorithms, the proposed CDC has benefited
from faster dynamic response on piston amplitude response and
quicker convergence on frequency tracking, and so on.
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