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Abstract— This paper proposes a damping control to 
stabilize multiple servo drive systems connected to a common 
DC-bus line. The DC-bus servo drive system has a system 
instability problem due to interference between a constant 
power load and bus impedance. The damping controller 
integrated into the output current control loop evaluates the 
influence of the damping controller on the current response 
compared with the second-order standard form. The 
parameters of the damping controller for the multiple units are 
designed by the impedance method. The experimental results 
mention that the output current response almost agrees with 
that of the simulation within a 1% error. Furthermore, the 
stable operation range with the proposed damping control is 
expanded by 28% of the motor-rated power. 
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Impedance-based Stability Analysis 

I. INTRODUCTION  
In recent years, servo drive systems have been used widely 

in industrial applications. It is generally required to achieve 
high control performance, low noise, and high power 
density[1-5]. The control panel, including servo drivers and 
servo motors, are connected to three-phase AC lines in the 
conventional configuration of the servo drive systems. 
However, the conventional configuration has a problem, 
which is a radiated noise from the AC lines due to the inverter 
switching. Thus, the countermeasure for the radiation noise is 
needed in order to prevent interference from other equipment. 
However, the countermeasure, shielding cables, and layout of 
power and signal lines lead to increase costs. 

In order to solve this problem, the DC-bus servo drive 
system, which connects the servo drivers to a common DC-
bus line, has been proposed [6]. This configuration reduces the 
radiated noise due to the shorter length of the AC power line 
and the system loss due to no rectifier stage in each servo 
driver. Moreover, the DC-bus servo drive systems prevent 
complicated wiring and reduce the costs of noise suppression 
since the number of long power lines is reduced. 

However, the DC-bus servo drive systems have the 
problem of system instability due to the interference between 
the line impedance of the DC-bus and the negative impedance 
characteristics of the constant power load [7-8]. This problem 

leads to a system trip due to oscillation in the bus current and 
voltage when the system is unstable. Therefore, damping 
control is needed for the DC-bus servo drive system in order 
to prevent system instability. The damping control method for 
the DC-bus system and cascaded DC-DC converter have been 
proposed [9-15]. In these papers, the parameters of the 
damping controllers are designed based on the impedance 
method, which analysis the system stability from each 
subsystem impedance [16]. The impedance method is suitable 
for the system analysis method for multiple units systems. 
However, the damping controller influences the output current 
control performance, such as significant overshoot, due to 
zeros in the damping controller.  

Ref. [17] has proposed the damping controller integrated 
into the output current controller for a matrix converter. This 
damping control method evaluates the influence of the 
damping controller quantitatively from the closed-loop 
transfer function of the output current controller by 
comparison with the second-order standard form. Thus, this 
method is suitable for the DC-bus servo drive system, which 
is required high torque control accuracy. However, the 
parameter design method in Ref. [17], that by the linear model 
of the whole system, has a problem with the extensibility of 
multiple units system because the linear model is complex due 
to interference among each unit.  

This paper proposes a damping controller integrated into 
the q-axis current control loop and parameters design method 
for the multiple DC-bus servo drive systems. The proposed 
damping controller is inserted into the feedback path of the q-
axis current control loop. The current control performance is 
evaluated by comparison with the standard second-order form. 
In addition, the proposed parameter design method is based on 
the impedance method, which analyzes the system stability 
from the impedance of each subsystem. The originality of this 
paper is that the damping controller parameters are designed 
based on the impedance method expanded the multiple units 
system. 

The paper is organized as follows: firstly, the DC-bus 
servo drive system and its damping controller are described. 
Secondly, the system stability is analyzed by the impedance 
method. Thirdly, the proposed design flow for the damping 
parameters is described. Finally, the proposed design method 



 

 

is evaluated by the experiment and discussed in terms of the 
impact of the influence of the controller delay. 

 

II. SYSTEM CONFIGURATION OF DC-BUS SERVO DRIVE 
SYSTEM 

A. System configuration 
Fig. 1 shows the system configuration of the DC-bus servo 

drive system. Each unit is connected to a common DC-bus line. 
In this system, the servo driver is placed near the motor. In Fig. 
1, Lbus is the bus inductance, Rbus is the bus resistance, and Cbk 
(k = 1, 2, ... N) is the DC-link capacitor of each servo driver. 
Note that the DC-bus line has a large impedance due to its long 
length. In this paper, the system with two servo units is 
analyzed.  

B. Controller configuration of each servo driver 
Fig. 2 shows the main circuit and controller configuration 

of each servo unit without the damping controller. The output 
current controller is based on Field Oriented Control (FOC) 
for the servo motor. In Fig. 2, qre is the rotor position detected 
by the encoder, PI(s) is the Proportional-Integration regulator 
for the output current control, wre is the rotor angular speed, 
Lm is the inductance of the motor, and Ke is the back-EMF 
constant of the motor. Zero-d-axis-current(id=0) control and 
decoupling control for canceling cross term of permanent 
magnet(PM) motor. The gate pulses for each output voltage of 
the inverter are generated by pulse width modulation(PWM). 

The transfer function of the PI controller for current 
control is expressed as  

  (1), 

where Kp is the proportional gain, and Ti is the integral time. 
The parameters of the PI controller are designed to cancel 
zeros as 

  (2), 

where Ra is the armature resistance, and wc is the bandwidth 
of the current controller. 

Fig. 3 shows the simplified q-axis control block diagram 
under id=0 control of each servo driver without the damping 
controller. In Fig. 3, the transfer function of the PM motor G(s) 
is expressed as  

  (3). 

The open-loop transfer function T(s) is given by 

  (4). 

The open-loop transfer function is the same as the integral 
form. 

C. The damping controller integrated into the output 
current control loop 
Fig. 4 shows the control block diagram of each unit with 

the proposed damping controller integrated into the output 
current control loop. The damping controller H(s) is inserted 
into the feedback path of the q-axis current control loop. The 
damping controller H(s) is expressed as 
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Fig. 1. The DC-bus servo drive system. Each servo unit is connected to a 
common DC-bus line. The DC-bus line has a large impedance due to its long 
length. 
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Fig. 2. The configuration of each servo driver. The controller of each 
unit is based on Field Oriented Control (FOC). Zero-d-axis-current 
control and decoupling control are also applied. 

  

Fig. 3. The simplified control block diagram of each servo unit without 
the damping controller. The zero-d-axis-current(id=0) control and  the 
decoupling control are implemented for the PM motor.  

 

 

Fig. 4. The control block diagram with the damping controller 
integrated into the output current control loop. The first-order delay F(s) 
is inserted into the current command in order to cancel the zeros of the 
damping controller. 
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  (5), 

where Kdamp is the damping gain, and Thpf is the time constant 
of the high pass filter. In addition, the first-order delay F(s) is 
inserted into the q-axis current command in order to cancel the 
zero of the damping controller and prevent a large overshoot. 
The first-order delay F(s) is expressed as 

  (6). 

The loop gain of the current controller with the damping 
controller Tdamp(s) is given by (7). 

 

  (7) 
The transfer function of the feedback path {1-H(s)} is the 
same form as a phase delay compensator. 

Fig. 5 shows the bode diagram of the current control loop 
gain T(s) and Tdamp(s). The loop gain with the damping 
controller is reduced at a high-frequency range. The damping 
controller stabilizes the system by decreasing the loop gain. 

The closed-loop transfer function of the current controller 
with the damping controller Gclose(s) is derived as 

  (8). 

Equation (8) is the same form as a second-order standard form. 
The second-order standard form is expressed as 

  (9), 

where z is the damping factor, and wn is the natural angular 
frequency. The damping factor z and the natural angular 
frequency wn of the current controller with the damping 
controller are derived by comparison between (8) and (9) as 

  (10), 

  (11). 

Equation (11) means that the bandwidth of the current 
controller with the damping control is determined by wc and 
Thpf. The system stability is improved with increasing Thpf 
since z is increased, while the current response is degraded. 
Thus, Thpf needs to be designed as small as possible in order to 
prevent the current response degradation. 

 

III. STABILITY ANALYSIS 
The stability of the system shown in Fig. 1 is analyzed 

based on the impedance method, which is proposed by 
Middlebrook [16]. In the impedance method, the whole 
system is divided into source and load sides, and the system 
stability is determined by the Nyquist plot of the minor loop 

gain, which is the product of the output impedance of the 
source side and the input admittance of the load side. 

A. The impedance of each subsystem 
Fig. 6 shows the equivalent impedance model of the DC-

bus servo drive system. In Fig. 6, the servo drivers and motors 
of each unit are expressed as the input admittance Yin1(s) and 
Yin2(s). The equivalent impedance model consists of the LC 
filter and the combined admittance Yin_all(s). Here, the output 
impedance of the LC filter Zo(s) is expressed as 

  (12). 

The input admittance of each servo unit is derived by the 
extra element theorem [6][16]. The input admittance of a 
constant power load YCPL(s) is expressed as 

  (13), 

where ZN(s) is the input impedance of the constant power load 
with ideal feedback, and ZD(s) is the input impedance without 
feedback. The input impedance of the servo driver with ideal 
feedback ZN(s) is expressed as 

  (14), 

where Vb,0 is the steady value of the DC-link voltage, Ib,0 is the 
steady value of the DC-link current, Pout is the output power 
of the servo driver, and Iq,0 is the steady value of the q-axis 
current. Note that ZN(s) is a negative impedance depending on 
the motor output power.  

The input impedance of the servo driver without feedback 
ZD(s) is expressed as  
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Fig. 5 The bode diagram of the current control loop gain with and 
without the damping controller. The damping controller reduces the loop 
gain at the high-frequency range. 

  

Fig. 6. The equivalent impedance model of the DC-bus servo drive 
system. The servo drivers are expressed as the input admittance. This 
model consists of the LC filter and the combined admittance. 
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  (15), 

where a is the conversion ratio from the DC-link voltage to 
the q-axis voltage.  

The input admittance of the servo driver Yin(s) is derived 
by substituting (13)-(15) as (16). 

  (16) 

Fig. 7 shows the bode diagram of the input admittance 
Yin(s). The input admittance of the servo driver changes 
depending on its operation points, such as the torque (q-axis 
current) and the motor speed. The phase in the lower 
frequency range is near 180 deg when the motor outputs the 
torque. This means that the servo driver has negative 
resistance characteristics. 

B. The stability analysis 
The stability of the system shown in Fig. 6 is analyzed by 

the Nyquist plot of the minor loop gain, which is the product 
of the Zo(s) and Yin_all(s). The minor loop gain of the system 
TMLG(s) is expressed as (17). 

 
  (17) 

The minor loop gain of the whole system is expressed as the 
sum of the minor loop gains of each unit. The minor loop gains 
of each unit are expressed as TMLG1(s) and TMLG2(s). 

Fig. 8 shows the bode diagram of the minor loop gain of 
the whole system TMLG(s) and each unit TMLG1(s) and TMLG2(s). 
The gain and phase are changed sharply at the resonant 
frequency fres of the LC filter. The phase crossover frequency 
fo of each minor loop gain is almost the same near the resonant 
frequency. The minor loop gain of the whole system at the 
phase crossover frequency TMLG(fo) is expressed under the 
condition that the phase crossover frequency of each unit is 
the same as 

  (18) 

 

Fig. 9 shows the Nyquist plot of the minor loop gains of 
the whole system TMLG(s) and each unit TMLG1(s) and TMLG2(s). 
The gain margin of a system corresponds to the reciprocal of 
the real part of minor loop gain at the phase crossover 
frequency. The relationship between the gain margins and the 
minor loop gains is expressed as  

  (19), 

  (20), 

  (21), 
where GMall is the gain margin of the whole system in dB, and 
GM1 and GM2 are the gain margins of each unit in dB. Thus, 

The relationship between the gain margin of the whole system 
and each unit is given by (22). 

  (22) 
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Fig. 7. The input admittance of the servo driver. The input admittance 
changes depending on the operation point of the servo motor. 

 

 

Fig. 8. The bode diagram of the minor loop gain of the whole system and 
each unit. The phase crossover frequency of each minor loop gain is 
almost the same near the resonant frequency of the LC filter. 

 

Fig. 9. The Nyquist plot of the minor loop gains of the whole system and 
each unit. The gain margin is the reciprocal of the real part of the minor 
loop gain at the phase crossover frequency. 
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As shown in (22), the gain margin of the whole system is 
expressed as the sum of the gain margins of each unit in the 
DC-bus servo drive system.  

IV. PROPOSED PARAMETER DESIGN METHOD 
This section proposes the parameters of the damping 

controller design method for multiple DC-bus servo drive 
systems based on the relationship of the gain margins.  

A. Design flow 
Fig. 10 shows the proposed parameters design flow for 

multiple DC-bus servo drive systems. The proposed flow 
consists of three steps. At first, the minimum gain margin of 
the whole system GMall is set. Second, the minimum gain 
margin of each unit GMk is set based on GMall. Finally, the 
parameters of the damping controller of each unit are tuned so 
that the unit ensures the desired gain margin GMk over the all 
operating range of the motor. As shown in (22), the whole 
system ensures the minimum gain margin GMall when all units 
ensure GMk. 

Fig. 10(b) shows the subroutine for tuning the damping 
parameters of each unit. At first, the time constant of HPF is 
set to 1/wc because the natural angular frequency wn is the 
same as wc when Thpf is equal to 1/wc. Second, the damping 
gain Kdamp is calculated by (23), which is derived by (10). 

  (23) 

If the system does not satisfy GMk, Thpf is changed, and 
Kdamp is calculated again. If the system satisfies GMk, the 
design of the damping parameters is finished. 

B. The parameters design 
Table 1 shows the parameters of the system. The same two 

units are connected to a common DC-bus line. In this paper, 
the parameters are designed in order to be stable within the 
range of rated torque and speed. In general, the gain margin of 
the whole system GMall is set to less than 0dB. In this paper, 
GMall is set to 0 dB in order to check the validity of the design 
from the waveform. In addition, the gain margin of each unit 
GMk is set to 6 dB, which is twice of GMall, because the two 
same units are connected to the DC-bus line.  

Fig. 11 shows the relationship between the motor speed and 
the gain margin of one unit when the q-axis current is rated 
current of 3.5 A. As a result of the design, the time constant 
Thpf is set to 0.765 msec, and The damping gain Kdamp is set to 
be 0.648 when z is 0.707. The natural angular frequency of the 
current controller with the damping wn, which is calculated by 
(11), is 4053 rad/s. The gain margin of the unit with the 
damping controller has a bottom with increasing the motor 
speed at 1340 r/min.  

Fig. 12 shows the gain margin of the whole system 
calculated by (22), and the true value, which is calculated by 
the transfer function of the whole system based on (17). In Fig. 
12, Unit #1 is driven at the operation point where the gain 
margin of Unit #1 is minimum, and the motor speed of Unit 
#2 is changed. The gain margin of calculated by (22) and the 
true value is agreed in the range from low speed to the speed 
at which the gain margin is bottom. However, the proposed 
analysis based on (22) underestimates the whole system’s 
stability in the high-speed range. The error occurs because the 
phase crossover frequency of Unit #2 is shifted to the lower 

frequency side due to the influence of the positive term of the 
input admittance Yin(s). 

Fig. 13 shows the bus current waveform when both units 
are driven at the operation point where the gain margin is 
minimum. Note that the simulation model includes the ideal 
controller, which is not considered the delays. The continuous 
oscillation occurs because the whole system becomes the 
stable limit. This result shows that the proposed design 
method is valid for the design of the DC-bus servo drive 
system. 
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(a) The flow chart for the design of the Dc-bus servo drive system 

  

(b) The subroutine for adjustment of the damping parameter of each unit 

Fig. 10. The proposed design flow for the damping controller of the DC-
bus servo drive system. The gain margin of the whole system is satisfied 
when each unit satisfies the minimum gain margin GMk. 

 Table 1 The parameters of the DC-bus servo drive system. 
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Controller
wc The bandwidth of current controller 4000p rad/s
Kp Proportional gain 42.7
Ti Integration time 2.43 ms
fsw Switching frequency 20 kHz

fsamp Sampling frequency 20 kHz
Td Dead time 2 µs



 

 

 

V. EXPERIMENTAL RESULTS AND DISCUSSION 
This section evaluates the validity of the proposed 

parameters design method in the experiment. The parameters 
in the experiment are based on Table 1. The motor speed is 
controlled by the load-side motor.  

A. The current response 
Fig. 14 shows the step response of the q-axis current by 

the standard second-order form, the experimental, and the 
simulation. Note that the simulation model includes the 
controller with the PWM delay and the discretization. The 
overshoot in simulation and experiment is larger than that of 
the standard second-order form due to the influence of the 
PWM delay and the resonant of the LC filter. The overshoot 
value and the peak arrival time in the experiment agree with 
that of the simulation result within 1%.  

B. The damping effect 
Fig. 15 shows the bus current waveform with the proposed 

damping controller. The oscillation occurs in the period 
without the damping controller because the system becomes 
unstable. The oscillation is suppressed when the damping 
controller is tuned on. Thus, the proposed damping controller 
suppresses the oscillation of the DC-bus current effectively. 

Fig. 16 shows the stable operation area when two motors 
are driven in the experiment, the analysis, and the simulation. 
Unit #1 motor is driven at 3000 r/min, and Unit #2 is driven at 
1500 r/min. Note that the simulation model includes the 
controller with the PWM delay. The stable limit output of one 
unit is changed depending on another unit’s output. The stable 
operation area in the experiment is expanded by 28% of the 
motor-rated power by the damping controller. However, the 
stable operation area in the experimental is reduced by 40% of 
the motor-rated power compared to the analysis. The result of 
the simulation is reduced error with the experimental. Thus, 
this result shows that the delays in the controller influence the 
system’s stability. 

C. Discussion 
This section discusses the impact of the PWM delay on the 

system’s stability. Fig. 17 shows the block diagram of each 
unit with the damping controller and PWM delay. The delay 
time of the controller with PWM is 1.5 times the sampling 
period.  

Fig. 18 shows the input admittance of the servo unit with 
the damping controller with and without delay. The gain is 
increased near the natural frequency fn by the PWM delay. 

 

Fig. 11. The relationship between the motor speed and the gain margin 
of each unit. With the damping controller, the unit satisfies GMk within 
the rated current and speed. 
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Fig. 12. The relationship between the Unit #2 motor speed and the gain 
margin of the whole system. The operation point of Unit #1 is constant 
at the point that the gain margin is minimum. The error occurs in the 
high-speed range because the phase crossover frequency of Unit #2 is 
shifted to the lower frequency. 

 

 

Fig. 13. The bus current waveform in the simulation. Both units are 
driven at the operation point where the gain margin is minimum. The 
continuous oscillation occurs because the whole system is a stable limit. 

 

Fig. 14. The step response of the q-axis current by the standard second-
order form, the experimental, and the simulation. The overshoot value 
and the peak arrival time in the experiment agree with that of the 
simulation result within 1%. 

 

 

 

Fig. 15. The DC-bus current waveform when the damping controller is 
turned on. The oscillation due to the system instability is suppressed 
effectively. 
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This factor leads to the system stability being reduced. On the 
other hand, the phase of the model with delay is changed from 
the model without the delay over the natural frequency.  

Fig. 19 shows the minor loop gains of one unit with and 
without the PWM delay. The gain margin of the model with 
the delay is reduced by the model without delay with 1.4 dB 
because the gain of the input admittance near the resonant 
frequency of the LC filter is increased. As shown in Fig. 18 
and 19, the delay of the controller influences the system 
stability when the resonant frequency of the LC filter is near 
or over the natural frequency. The input admittance 
considered the controller delay is needed to design the DC-bus 
servo drive system in order to consider the impact of delays. 

 

VI. CONCLUSIONS 
This paper proposed the damping control and its parameters 

design method for multiple servo drive units connected to a 
common DC-bus line. The damping controller was integrated 
into the q-axis current controller and evaluated the influence 
on the current response by compared with the second-order 
standard form. In addition, the parameters design method for 
the system with multiple units was proposed. The proposed 
design method was based on the impedance method and 
ensured the desired gain margin. The proposed method was 
evaluated by the analysis and the experiment. The experiment 

results showed that the stable operation area is expanded by 
28% of the motor-rated power by the damping controller. This 
paper also discussed the impact of the controller delay on the 
system’s stability. 

In the future, the controller achieving both high current 
response and damping performance will be considered. 

 

 

REFERENCES 
[1] N. Nakao, K. Tobari, T. Sugino, Y. Ito, M. Mishima, and D. Maeda, 

“Torque Ripple Suppression for PMSMs using Feedforward 
Compensation and Online Parameter Estimation,” IEEJ Journal of 
Industry Applications, vol. 10, no. 4, pp. 497-505, 2021. 

[2] M. Kakihara, M. Takaki, M. Ohto, and S. Morimoto, “Investigation of 
Servomotor Structure for Sensor less Control Based on High-
Frequency Injection Method,” IEEJ Journal of Industry Applications, 
vol. 10, no. 6, pp. 718-725, 2021. 

[3] N. Kawamura, T. Zamma, K. Koiwa, K. Liu, and M. Hasegawa, 
“Position Sensor less Adaptive Positioning Servo System with 
Simplified Differential Calculation and High-Frequency Voltage 
Injection Strategy Considering Acoustic Noise Suppression,” IEEJ 
Journal of Industry Applications, vol. 10, no. 1, pp. 1-10, 2021. 

[4] T. Kai, H. Sekiguchi, and H. Ikeda, “Control Structure with Dual 
Acceleration Feedback for Positioning Machine with Semi-Closed 
Servo System,” IEEJ Journal of Industry Applications, vol. 11, no. 2, 
pp. 351-358, 2022. 

  

Fig. 16. The operation area when two motors are driven. Unit #1 is 
driven at 3000 r/min, and unit #2 is driven at 1500 r/min. The stable 
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Fig. 18. The input admittance of the servo driver with the damping 
controller. The gain of the input admittance with the delay is increased 
near the natural frequency. The phase with the delay is reduced over the 
natural frequency. 
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Fig. 17. The block diagram of each unit with the damping controller 
and PWM delay. The delay is 1.5 times the sampling period.  

 

  

Fig. 19. The Nyquist plot of the minor loop gains of each system. 
The gain margin of the model with controller delay is reduced by 1.4 
dB. 
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