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STUDY ON STABILITY OF CONTROL SYSTEM FOR LARGE 
STROKE LINEAR MOTOR DRIVE PLATFORM 

P. Ma*, Y.S. Ye, T.F. Deng, X.H. Wang, H.D. Zhao 

In order to improve the steady-state tracking performance, system response 
speed and stability of the large stroke linear motor drive platform, the three closed-
loop control system of the air flotation platform is designed. Firstly, the model is 
established based on the relevant parameters of the linear motor, and the stability of 
the current loop, the speed loop and the position loop is analyzed respectively. 
Secondly, based on feedforward control, a fuzzy feedforward control strategy is 
proposed to improve the system control performance under the premise that the 
system has sufficient stability margin. The simulation results show that the response 
speed of the system with fuzzy feedforward control is improved by 79.2%, and the 
steady-state tracking performance is improved by 85%. 

Keywords: air floating platform, fuzzy feedforward control, stability, response 
speed, static accuracy 

1 Introduction 

With the development of manufacturing industry, the requirements for the 
response speed and trajectory tracking performance of large-stroke motion control 
platform are getting higher and higher. Large-stroke linear air-floating platform is 
a key component of high-speed and ultra-precision equipment. Its feed system is 
mostly driven by linear motor and air-floating support, which cancels the 
intermediate transmission link and improves the transmission efficiency and 
reliability [1]. However, due to its minimal friction damping and small electrical 
time constant, the control difficulty of linear servo system is increased. Stability is 
the prerequisite for the normal operation of the control system. The premise to 
improve the performance of the system should be to ensure that the system has 
sufficient stability margin. There is a certain research foundation for the stability 
of the servo control system in China and abroad. Reference [2] proposed a PID 
controller based on the model reference adaptive controller to overcome the 
shortcomings of the traditional PID controller that cannot solve the highly 
nonlinear system, and modified it based on the Lyapunov rule. The experiment 
verified that the controller effectively suppressed the system overshoot and better 
stability margin. Reference [3] analyzed the performance of the extended state 
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observer and the active disturbance rejection controller based on the Bode 
diagram and the root locus method in the frequency domain, and further explained 
the relationship between the stability range and the bandwidth. Reference [4] 
added the active disturbance rejection controller to the control system of 
permanent magnet synchronous linear motor. In the derivation process, the 
description function method was used to analyze the stability of the current loop 
under different current loop parameters, and suggestions for the selection of 
controller parameters were given. A linear/nonlinear active disturbance rejection 
switching control method is proposed in reference [5]. Aiming at the excessive 
restrictions based on Lyapunov stability theorem analysis, a stability analysis 
method based on robust Popov criterion is proposed. It is verified that the control 
method can make the system obtain better tracking and disturbance rejection 
ability. Considering the domestic and foreign scholars ' research on the stability of 
large-stroke motion platform is mostly based on Lyapunov theory for theoretical 
verification, but from mathematical modeling to simulation process is complex, 
few scholars analyze the stability and stability margin of the control system.  At 
the same time, on this basis, it is more rare to carry out research on improving 
system control performance. 

In the actual work of the moving platform, the control system is inevitably 
affected by many nonlinear disturbances, such as non-periodic noise.  Scholars 
have many research results in improving the control performance of motion 
control system, but few scholars combine fuzzy control and feedforward control, 
and even apply fuzzy control algorithm to online debugging feedforward 
controller rather than classical PID controller. Fuzzy control does not require 
accurate mathematical model, which is suitable for solving the nonlinear and lag 
problems in process control, but simple information fuzzy processing may reduce 
the control accuracy. Feedforward control is based on the advance adjustment of 
disturbance, which can reproduce the input of system signal to the greatest extent, 
but the disturbance is mostly nonlinear and complex. In this paper, the two control 
strategies are combined complementarily, and a fuzzy feedforward control 
strategy based on feedforward control is proposed to ensure the stability margin of 
the control system and solve the problem that feedforward control is susceptible to 
nonlinear interference. 

2 Characteristics of ultra-precision linear air float platform 

The GD-V two-dimensional gantry precision air flotation platform studied 
by the research group consists of IMAC400 controller, IMAC DRIVE servo 
driver, two linear servo motors and corresponding accessories. The air flotation 
platform adopts the I-Force coreless 410 series of permanent magnet linear servo 
motor from PARK Company. This type of motor structure is bilateral, which can 
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eliminate the unilateral magnetic pull [6-7]. And the coreless motor does not have 
cogging effect, which means that compared with the same type of core motor, it 
has higher acceleration and mechanical bandwidth. 

The overall structure of the moving platform is shown in Fig. 1. The air-
bearing guide rails of the moving platform are all closed T-type air-bearing 
structures. This structure can constrain each degree of freedom except the moving 
direction of the platform. It has the characteristics of large bearing capacity, high 
stiffness and large overturning moment [8]. 
 

 
Fig. 1:  Motion platform structure diagram 

 
The maximum acceleration of the floating platform studied in this paper 

can reach 1G, and the measurement accuracy can reach 0.1, which has the 
characteristics of high speed, high precision and good stability. However, the 
sudden change of applied load in the actual working conditions will have a great 
impact on the stability and dynamic characteristics of the platform, and the 
research on it has certain engineering significance. Therefore, this paper will 
model the control system of the flotation platform according to the mechanism 
and conduct simulation research. The specific parameters of linear motor are 
shown in Table 1. 
 

Table 1 
Related parameters of linear motor 

parameter Sign(Unit) X-axis Y-axis 
Armature inductor )(HL  0.03 0.02 
armature resistance )(ΩR  24 16 

electrical time constant )(msTm  1.25 1.25 
Thrust constant ）（ ANK /f  163.7 109 

quality )(kgM  197.0 66.7 
back electro-motive force )//( AmVε  189 126 

active radius )(mmS  750 500 
Peak thrust )(NP  2967 2006 
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The main control mode of motor drive control system is three closed-loop 
control [9], which is composed of current loop, speed loop and position loop. 
According to the engineering design method, the current loop is designed and 
corrected first. Then the current loop is equivalent to an inertial link as part of the 
speed loop, and then the speed loop is corrected. Finally, the position loop is 
corrected. In this paper, according to the engineering design requirements [10], 
the stability margin determination index is established: amplitude margin Gm ≥ 
10 dB, phase margin Pm ≥ °60 . 

In this paper, the three closed-loops of the control system adopt PI 
regulator, which is mainly based on dynamic stability and response speed. A 
fuzzy control strategy based on feedforward control is proposed to 
comprehensively improve the response speed and steady-state accuracy under the 
premise of system stability. The control system structure is shown in Fig. 2, and 
the parameters in the figure can be referred to Table 1. 
 

 
Fig. 2:  Control system structure diagram 

3 Characteristic Analysis of Linear Servo Control System 

3.1  Current loop analysis 

There are two main functions of the current loop controller. One is to 
enhance the ability of the system to resist power disturbance. The other is to 
regulate the current and limit the amplitude at the start and stop. It is mainly 
composed of current loop controller, PWM inverter, current amplifier and current 
rectifier filter. PWM inverter controls voltage output by con-trolling pulse width. 
Rectifier filter can eliminate interference in current feedback signal. The lag 
caused by the above two can be regarded as a small inertia link. Because the 
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electromagnetic inertia of linear motor winding is far less than the mechanical 
inertia, the influence of velocity back electromotive force on current loop can be 
ignored. In engineering design, the current loop is often designed according to the 
typical type I system [11]. The current loop structure is shown in Fig. 3. 
 

 
Fig. 3:  Current loop structure diagram 

 
According to the synthesis principle of small inertia link, the order 

reduction is carried out to establish the closed-loop transfer function and open-
loop transfer function of the current loop: 
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Including: 

iiipii KK τ/=                                                  (3) 

iiipi KKKK τ/' =                                                  (4) 
RK /1=                                                         (5) 

pwmoii KKK /=                                                  (6) 

mii T=τ                                                         (7) 

∆≈ fTpwm 2/1                                                    (8) 

∆= AUK dpwm 22/                                                 (9) 
'' /1 KTi =                                                     (10) 

In the formula: iiτ  is the time integral constant(s); ipK is the current loop 
proportional coefficient(V/A); iiK is the current loop integral coefficient(V/A); 

pwmT is the inverter time constant; pwmK is the inverter amplification factor; oiK is 
the current feedback filtering amplification coefficient; oiT is the filter time 
constant(s); iK control gain of small inertia link (V/A); mT is the electrical time 
constant(s); ∆f is the inverter triangular carrier frequency(KHZ); dU is the DC bus 
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voltage of inverter(V); ∆A is the triangular load amplitude of inverter(V); 'iT is the 
time constant of equivalent inertia link of current loop(s). 

The values in the formula are shown in Table 2, in which the control gain 
of the small inertia link 2.21== pwmoii KKK  V/A, Since the current loop is 
designed according to the typical type I system, and the controller zero is used to 
eliminate the large time constant poles of the control object, the electrical time 
constant 25.1/m == RLT  ms is selected, and the equivalent inertia link coefficient 
of the cur-rent loop is taken, so the equivalent inertia link time constant of the 
current loop is 4'

i 1049.1 −×=T  ms. 
 

Table 2 
Current loop parameters 

Sign Unit Value 

iiτ  ms  1.25 

pwmXT  s  5105 −×  

pwmYT  s  51054.4 −×  

pwmK  - 21.2 

oiK  AV /  1 

oiXT  s  5103.3 −×  

oiYT  s  5103 −×  

∆A  V  5 

∆f  KHZ  11 

dU  V  200 

iK  AV /  21.2 

 
According to the above parameters,  the proportional coefficient ipXK , ipYK   

and integral coefficient iiYK , iiYK  of X and Y axes are preliminarily debugged by 
MATLAB software, which are 8.949 AV / , 6.368 AV / , 7098 AV /  and 5268 AV / , 
respectively. The open-loop transfer function of the current loop of X and Y axes 
can be obtained from Eq. (2): 

)1100.5)(1103.3(1025.1
905.7)( 553 +×+××

= −−− sss
sGiX

                                 (11) 

)11054.4)(1103(1025.1
438.8)( 553 +×+××

= −−− sss
sGiY

                                    (12) 

MATLAB simulation is used to analyze the open-loop transfer function of 
the current loops of X-axis and Y-axis linear motors in frequency domain. As 
shown in Fig. 4, it can be seen that the phase angle margin of the two axes is 62.4° 
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and 62.8°, and the amplitude margin is 18 dB and 18.3 dB, which meets the 
engineering design requirements. 
 

 
a) X-axis 

 
b) Y-axis 

Fig. 4:  Open loop Bode diagram of current loop 

3.2  Speed loop analysis 

The bandwidth and stability of the speed loop are of great significance for 
the dynamic performance and stability of the linear servo control system. The 
low-pass filtering link needs to be added to the system [12], and the low-pass 
filtering link will cause a certain amount of delay in the system. As the inner loop 
of the speed loop, the current loop is designed as an inertial link with the same 
time constant to balance the system delay.  Therefore, in this paper, the current 
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loop is equivalent to the inertial link of the time constant s, and the structure of the 
speed loop is shown in Fig. 5. 
 

 
Fig. 5:  Velocity loop structure diagram 

 
As shown in Fig. 5 and Eq. (1) above, the open loop transfer function of 

the velocity loop is:  
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In the formula: vpK  is the proportional coefficient of velocity loop (V/A); 

viT  is the velocity loop integral time constant(s); ovK is the speed feedback filter 
amplification factor; ovT is the time constant of velocity filtering(s). 

Speed Feedback Filter Amplification Coefficient Based on Servo Motion 
Controller Parameters: 5.53=ovXK , 2.57=ovYK , msTov 1= . According to the typical 
type II system to design the speed loop [13], the corresponding open-loop transfer 
function )1(/)1( 2 ++ sTssK IIiiII τ and Eq.(14) are compared, MTKKKK vifovvpII /= , 

'iovII TTT += , viII T=τ . The typical type II system defines h as the width of the mid-
frequency band, and the mid-frequency width coefficient IIII Th /τ= to the 
attenuation oscillation property of the system, the comprehensive cost 
performance ratio of 5=h is the highest [14]. At this moment, time integral 
constant sTTh iovII

310745.5)'( −×=+=τ , 25.908952/1 22 =+= IIII ThhK ）（ . Therefore, it 
can be judged that the proportional coefficients of velocity loop of two axes 
are mmAsKKMTKK fovviIIvpX /746.11/ == , mmAsKKMTKK fovviIIvpY /586.5/ == , and the 
integral coefficients of velocity loop of two axes are mmAsTKK vivpXviX /56.2044/ == , 

mmAsTKK vivpYviY /32.972/ == , so the transfer function of velocity loop is: 

)11049.1)(1101(
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The open-loop transfer function of velocity loop is analyzed in frequency 
domain, and Fig. 6. It can be seen from the figure that the amplitude margin of X 
and Y axes is 21.4 dB, and the phase margin is 40.1°, which does not meet the 
requirements of engineering design. 
 

 
Fig. 6:  Bode diagram of velocity loop (before correction) 

 
Since the linear servo system is directly affected by the interference force 

without buffer, and the air-floating support is used to make the system damping 
too small, sufficient stability margin is needed to maintain the stability of the 
system.  Therefore, the speed loop transfer function is calibrated. In this paper, the 
PID correction method is adopted. According to the requirements of engineering 
design performance, the appropriate proportional and integral coefficients are 
selected to improve the stability margin of the speed loop, and then the transfer 
function of the speed loop is approximated. The following is the open-loop 
transfer function of the corrected speed loop: 

)11049.1)(1101(
)24(67.435)( 432 +×+×

+
= −− sss
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                                   (17) 
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                                     (18) 

The frequency characteristics of the corrected speed loop are shown in Fig. 
7. The amplitude margin of X and Y axis is 24.7 dB and 24.5 dB, and the phase 
margin is 61.2° and 60.5°, which meet the engineering design requirements. 
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a) X-axis 

 
b) Y-axis 

Fig. 7:  Bode diagram of velocity loop (after correction) 

3.3  Position loop analysis 

The velocity ring is the inner ring of the position ring, which can be 
simplified as a link of the position ring. Fig. 8 is the structure of the position ring. 

 
Fig. 8:  Position loop structure diagram 
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From Fig. 8, the open loop transfer function of the position loop is: 
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The speed loop closed-loop transfer function: 
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The open loop transfer function of the position ring is obtained by Eq. (17) 
to (20): 
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In the formula: ppK is the Proportional coefficient of position 
loop )//( mmsmm , piK is the Integral coefficient of position loop )( 1−s . 

MATLAB software is used to debug the ratio and integral coefficient of 
position loop, according to Gm ≥ 10dB, Pm ≥ 60°, take mmsmmK ppX //100= , 

18 −= sK piX , mmsmmK ppY //130= , 19 −= sK piY . The frequency domain analysis of the 
position loop of the two axes is shown in Fig. 9. The amplitude margin of the two 
axes are 17.8 dB and 11.5 dB, and the phase margin is 74.7° and 73.9°, meeting 
the requirements of engineering design. 
 

 
a)  X-axis 
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b) Y-axis 

Fig. 9:  Bode diagram of position loop 

3.4  Design and comparative analysis of fuzzy feedforward controller 

3.4.1  Fuzzy feedforward controller 

The essence of the traditional PID feedback control is to eliminate the 
error by using the error between the target value and the actual value [15]. 
However, the target value is given outside the system and can be jumped. The 
actual value of the system output has a certain inertia, and it is impossible to jump. 
This is also the main reason why the PID control has the contradiction between 
rapidity and overshoot, when the controlled object is in a complex environment 
with constant changes. 

According to the invariance principle [16], the introduction of feedforward 
control in the control system can speed up the system signal reproduction. 
However, the air-floating platform studied in this paper has the characteristics of 
large mass and sensitive to external disturbances. When the feedforward gain 
exceeds the effective parameter range or the parameters of the controlled object 
change, the stability margin of the control system cannot be guaranteed.  In view 
of the above problems, a fuzzy control method based on feedforward control is 
proposed, and the feedforward gain is adjusted online, which not only ensures 
sufficient stability margin, but also improves the control performance of the 
system. 

The system block diagram of the fuzzy controller is shown in Fig. 10. The 
position deviation e and its change rate ec of the control system are used as the 
input signals to output the feedforward increment, which is superimposed with the 
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initial value. Under the premise of system stability, the response speed and steady-
state accuracy of the system are improved. 
 

 
Fig. 10:  Block diagram of fuzzy control system 

 
In the fuzzy controller, the variation range of e is (-0.04, 0.04) mm , the 

variation range of ec is (-0.16, 0.16) smm / , and the variation range of vffK∆  is (-
0.005, 0.005). In fuzzy rules, e, ec and vffK∆  are taken as linguistic variables and 
NB (negative large), NS (negative small), ZO (zero), PS (positive small), PB 
(positive small) are taken as fuzzy subsets. The corresponding fuzzy universe is 
taken as {-1, -0.5, 0, 0.5, 1}, and e, ec and the vffK∆ are all Gaussian membership 
function, as shown in Fig. 11. 
 

 
Fig. 11:  Membership function curves 

 
Fuzzy reasoning method uses Mamdani reasoning method, the specific 

fuzzy rules are shown in Tab. 3 below. Taking into account the complexity of the 
motion platform system, the gravity center method is selected to defuzzify it, and 
the output surface observer of vffK∆ is obtained after defuzzification, as shown in 
Fig. 12. 
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Table 3 
Fuzzy rule of vffK  

e 
ec NB NS ZO PS PB 

NB PB PB PS NB PB 
NS PS PS PS NS PS 
ZO PS PS ZO NS PS 
PS PS PS PS NS PS 
PB PS PB PS NB PB 

 

 
Fig. 12:  Output Surface Observer 

3.4.2  Comparative Analysis of Different Control Strategies 

The fuzzy feedforward PID control, feedforward PID control and 
traditional PID feedback control are compared. The steady-state accuracy of the 
system is taken as the evaluation index. The input excitation signal of the position 
loop of the control system is a unit sinusoidal response with frequency of 4rad/s. 
The three pairs are shown in Fig. 13 below. It shows that the steady-state accuracy 
of the traditional PID feedback control is 0.04mm, 0.008mm after adding the 
feedforward control, and 0.006mm after adding the fuzzy feedforward control. 
The steady-state accuracy increases by 80% and 85%. 
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a) Sine response diagram 

 
b) Error comparison diagram 

Fig. 13:  Comparison diagram of steady-state accuracy 
 

Taking the response speed as the evaluation index, the unit square wave 
signal with the input frequency of 4rad/s in the position loop of the control system 
is compared and analyzed, as shown in Fig. 14.  It shows that the rise time of 
traditional PID feedback control is 14.979ms. After adding feedforward control, it 
is 3.265ms, and the response speed increases by 78.2%. After adding fuzzy 
feedforward control, it is 3.118ms, and the response speed increases by 79.2%. 
And because of the square wave signal velocity direction mutation, so for 
feedforward control, fuzzy feedforward control two response speed good control 
mode, may have a large overshoot in a very short time, but in the system can 
withstand the overshoot range. 
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Fig. 14:  Response speed comparison chart 

 
Then the zero-pole diagram of the position closed-loop system is made, 

and it is found that after adding fuzzy feedforward control, the characteristic 
equation of the system can refer to the zero-pole diagram of Fig. 15, and the poles 
are all in the left half plane of the S plane, indicating that the system is in a stable 
state. 
 

 
Fig. 15:  Zero-pole map of position closed loop 

4 Conclusion 

In this article, the stability of the control system of the two-dimensional 
ultra-precision air flotation platform is studied. Based on the engineering design 
index of the actual working conditions, it is ensured that it has sufficient stability 
margin. Then, the control algorithm is added to the position loop to improve the 
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control performance of the servo control system. This study makes two 
contributions to the current scholarly literature.  

Firstly, according to the specific equipment in the laboratory, the 
mathematical model is established for simulation analysis. In the derivation 
process, the frequency domain analysis of the control system is added, and the 
parameters are corrected to obtain the relationship between the controller 
parameters, stability margin and bandwidth. In the existing theories, most 
scholars’ research methods are shown in Reference [5]. The excessive complexity 
of the theory cannot be compatible with the actual production, while the method 
in this paper is simple to implement in engineering and has practical significance 
in engineering. 

Secondly, A fuzzy feedforward control strategy is proposed by 
complementing the robustness of fuzzy control and invariance of feedforward 
control. For these two control strategies, most of the existing theories have applied 
them to the traditional PID controller. In this paper, the fuzzy controller is applied 
to the output gain parameters of the online debugging feedforward control. In the 
early stage, the fuzzy inference rules are also partially modified according to the 
actual demand.  In the simulation analysis process, the control performance of the 
three control strategies is compared. After the fuzzy feedforward control 
algorithm is added, the response speed of the system increases by 79.2 % and the 
steady-state accuracy increases by 85 %. Finally, the zero pole diagram of the 
closed loop position loop of the control system is analyzed, and the system is still 
in a stable state.  Since the fuzzy control method has been widely accepted by the 
market, it shows that the fuzzy feedforward control strategy can not only be 
applied to the laboratory research and teaching work, but also has certain 
engineering practical significance. 
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