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Abstract: The regenerative braking in the tram allows the energy to be returned to the power grid 

through a power inverter. Since the inverter location between the tram and the power grid is not fixed, 

resulting in a wide variety of impedance networks at grid coupling points, posing a severe threat to 

the stable operation of the grid-tied inverter (GTI). By independently changing the loop 

characteristics of the GTI, the adaptive fuzzy PI controller (AFPIC) can adjust according to different 

impedance network parameters. It is challenging to fulfill the stability margin requirements of GTI 

under high network impedance since the PI controller has phase lag characteristics. A correction 

method of series virtual impedance is proposed, which connects the inductive link in a series 

configuration with the inverter output impedance, correcting the inverter equivalent output 

impedance from resistance-capacitance to resistance-inductance and improving the system stability 

margin. Feedforward control is adopted to improve the system’s gain in the low-frequency band. 

Finally, the specific series impedance parameters are obtained by determining the maximum network 

impedance and setting the minimum phase margin of 45°. The realization of virtual impedance is 

simulated by conversion to an equivalent control block diagram, and the effectiveness and feasibility 

of the proposed method are verified by simulation and a 1 kW experimental prototype. 
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1. Introduction 

A power converter connects the tram to the power grid, facilitating bidirectional power flow [1]. 

During the normal tram operation, the converter operates as a rectifier. In braking, the converter 

operates in the inverter mode, feeding back the braking energy to the power grid [2]. However, there 

is no fixed point for the interface point between the tram and the grid. Therefore, a wide range of 

impedance networks is possible on the grid side, changing with the connection point [3], especially 

when the impedance network is large; it seriously affects the control loop gain of the GTI system 

during tram braking, resulting in system instability [4].  

According to [5], in GTI, a significant number of nonlinear equipment is linked to the grid side. 

When the tram braking energy feeding back to the grid, it is necessary to ensure both the stability of 

DC side voltage and the good quality of grid current, requiring the GTI to have good steady-state 

performance. In [6], detecting DC side voltage gives the reference value of the AC side network 

access current. By controlling the DC side voltage and AC side current, the system has good stability 

in the braking energy feedback process. In [7], the authors proposed a method using small-signal 

modeling to analyze the relationship between converter output impedance and DC side line 

impedance and employing the virtual impedance method to improve the stability of the converter 

system. Most scholars consider the stability of DC side voltage, reasonable power flow distribution, 

and power compensation for braking energy feedback to the grid. However, the network impedance 

at the power grid side changes in real-time due to the different positions of trams connected to the 

grid while braking. When the network impedance is large, the power grid presents weak inductance, 

resulting in the decline of the stability margin of the GTI system. Therefore, it is necessary to 

consider the stability of the GTI system under the condition of a high impedance network. 

The combination of fuzzy control and PI control can effectively improve the performance of 

inverter under strong current network or low network impedance. For example, [8] uses a double 

fuzzy PI controller to improve the performance of the inverter, in which the input of the main fuzzy 

controller is the voltage error and the variation of the error, and the output of the main fuzzy 

controller is used to adjust the parameters of the PI controller; The input of the sub fuzzy controller is 

the given voltage change on the DC side and the voltage change on the AC side of the inverter, and 

the output of the sub fuzzy controller is used to assist in adjusting the parameters of the PI controller. 

This double fuzzy control method effectively reduces the impact on the stability of the inverter 

system when the DC side voltage changes in a wide range, and also effectively improves the 

dynamic response speed of the system. [9] Proposed a fuzzy proportional complex integral control 

(PCI) method to eliminate the control error caused by specific frequency interference signal, 

suppress the high-order harmonic of grid connected current and improve the quality of grid 

connected current. [10] introduces an improved ZVS-PWM inverter, which uses fuzzy control to 

simulate the action mechanism of PID to reduce the complexity of the system. Compared with 

traditional PID control, PID-like fuzzy controller using fuzzy control to simulate PID working 

mechanism has better robustness. For islanding solar grid coupled inverters, [11] suggested an 

adaptive fuzzy control approach. The unmodelled section of a solar grid-connected inverter is 

simulated using fuzzy control, which decreases the control system's dependency on the model and 

increases the controller's accuracy. A fuzzy PI composite controller is proposed in [12]. In 
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comparison to classical PI control, fuzzy control updates PI settings live, effectively eliminating DC 

side voltage overshoot and improving the system's dynamic response speed. [13] combines the 

fuzzy-logic-based PI controller and the sliding mode controller. The fuzzy controller is connected in 

series with the PI controller to adjust the PI controller parameters online, which improves the 

stability of the system. The output of the PI controller is used as the input of the sliding mode 

controller, which effectively improves the dynamic response speed of the system. Compared with the 

traditional PI, the proposed method effectively ensures the dynamic performance and steady-state 

performance of the system, the sensitivity of the system to parameter changes is reduced. In [14], 

AFPIC is deployed to substitute PI voltage outer loop control, which enhances the robustness of the 

system and reduces the overshoot of the system. At the same time, the output voltage is feed forward 

to the input, which effectively weakens the impact of DC side voltage in the start-up stage and 

increases the anti-disturbance capability of the converter. [15] Designs and implements a GTI based 

on fuzzy PI control. The parameters of PI controller are adaptively adjusted through control, so that 

the system can obtain better starting effect and quickly recover to a stable state in case of 

disturbance. 

The above literature shows that AFPIC can effectively improve the stable operation, dynamic 

response speed, tracking performance and robustness of the inverter. However, under the background 

of weak grid [16,17], the network impedance of different coupling points is different, resulting in the 

network impedance of inverter access point is not fixed [18,19], especially the high network 

impedance will seriously affect the gain of control loop, resulting in the reduction of phase margin, 

poor stability and poor performance of GTI[20,21]. At the same time, due to the inherent phase lag 

characteristics of PI controller, it is difficult to take into account the dynamic performance and 

steady-state performance of the system when adjusting PI controller parameters online[22]. In GTI 

system, PI controller also has parameter stability range, and fuzzy controller can not adjust PI 

controller parameters without limit. Therefore, under the condition of high network impedance, it is 

difficult to meet the stability margin requirements of GTI system only by adjusting PI controller 

parameters online through fuzzy control. [23]analyzed the impact of phase-locked loop (PLL) and 

inner loop control bandwidth on the stability margin of MMC system under different short circuit 

ratio (SCR).Connecting a VSC-HVDC link to a very weak grid (a high-impedance grid) is 

challenging. [24] Proposes and compares two straightforward solutions, through analysis and 

comparison, the method to ensure the good stability of the system is obtained. 

In order to solve the problem of insufficient stability margin of AFPIC under the condition of 

high network impedance, a control strategy of fuzzy adaptive PI and series impedance correction is 

proposed in this paper. The output impedance of the inverter is connected in series with the inductive 

virtual impedance, so that the output impedance of the inverter is corrected from resistive 

capacitance to resistive inductance. The relevant series virtual impedance characteristics are 

determined using bode diagram analysis and the specified line impedance and minimum phase 

margin. Finally, through the equivalent transformation of the control block diagram, the realization 

of the virtual impedance is simulated in the control, the phase margin of the output impedance of the 

inverter under the condition of high network impedance is improved, and the amplitude gain of the 

low-frequency band of the system is improved through feed forward control. The combination of 

impedance correction and feed forward control makes the AFPIC have good control performance in 

all frequency bands. 

This research work categorized and divided into five sections. In the second section, the model 

of GTI under weak current network is established, and the reason for insufficient stability margin of 

AFPIC under high network impedance is explained. The third section introduces how to use 
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impedance correction method to improve the stability margin of fuzzy adaptive PI control, and how 

to use feed forward control to improve the amplitude gain of low frequency band. The fifth section 

verifies the effectiveness of the proposed method through simulation and experiments, and the fourth 

section summarizes the article. 

2. Methods 

2.1. AFPIC of GTI in weak current network 

Fuzzy adaptive PI control is often used to analyze nonlinear systems because of its good 

dynamic response ability. At present, many scholars have applied fuzzy adaptive PI control to 

photovoltaic grid connected inverter. 

uin

V1 V3

V2 V4

L1 L2

C upcc

zg

ug
ic

Hi1 Hi2

iref

GiPWM

Gate drive

ig

 

Figure 1. Main topology and control structure of LCL inverter. 

The topology and control structure of the GTI are shown in Figure 1, in which uin is the DC 

input voltage, V1、V2、V3 and V4 are the switches, L1, C and L2 constitute the LCL filter, zg is the 

network impedance, ug is the grid voltage, ic is the capacitive current, ig is the grid access current, 

upcc is the coupling point voltage, iref is the reference current, Hi1 and Hi2 are the feedback 

coefficients of capacitive current and grid access current respectively. And Figure 2 is the control 

block diagram of GTI. 
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Figure 2. Control block diagram. 
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Kp0 and Ki0 are the initial parameters of PI controller, Δkp and Δki is the adjustment amount of Kp and 

Ki. The deviation e and deviation change rate e  between the reference current iref and the network 

access current ig are used as the input of the fuzzy controller, Δkp and Δki are used as the output of 

the fuzzy controller. 

The tuning rules are established based on experience, mainly considering the influence of PI 

controller parameters on stability, dynamic performance and steady-state performance. 

The table of fuzzy control rules is shown in Table 1. 

Table 1. Δkp、Δki fuzzy control rule. 

1) When the current error e is large, in order to quickly reduce error and improve the system 

response speed, Kp takes the larger value and Ki takes the smaller value or zero; With the decrease of 

deviation e, in order to prevent oscillation caused by excessive overshoot, Kp should be lowered, and 

Ki should be taken as the smaller value; When the deviation e is very small, Kp value shall continue 

to decrease, and Ki value shall remain unchanged or be larger to eliminate the static error and avoid 

the oscillation of the system near the reference value. 

2) The larger the change rate of current deviation, the smaller the value of Kp and the larger the 

value of Ki. 

3) When the current deviance e and its rate e   both have positive or negative signs, the 

incoming current changes in the direction of deviation from the reference current, simultaneously, 

the control function should be strengthened to make the deviation change towards the decreasing 

trend. We can take smaller Ki which should be taken; When the positive and negative signs of e and 

e  are different, it indicates that the incoming current changes towards the direction close to the 

reference current. When the current deviation e is large, take a smaller Kp to speed up the transient 

response. Figure 3 can be obtained by equivalent transformation of Figure 2, Figure 3 is further 

transformed to Figure 4. 

Δkp/Δki 
e  

NB NM NS ZO PS PM PB 

e 

NB PB|NB PB|NB PM|NB PM|NM PS|NM PS|ZO ZO|ZO 

NM PB|NB PB|NB PM|NM PM|NM PS|NS ZO|ZO ZO|ZO 

NS PM|NM PM|NM PM|NS PS|NS ZO|ZO NS|PS NM|PS 

ZO PM|NM PS|NS PS|NS ZO|ZO NS|PS NM|PS NM|PM 

PS PS|NS PS|NS ZO|ZO NS|PS NS|PS NM|PM NM|PM 

PM ZO|ZO ZO|ZO NS|PS NM|PM NM|PM NM|PB NB|PB 

PB ZO|ZO NS|ZO NS|PS NM|PM NM|PB NB|PB NB|PB 
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Figure 3. Equivalent transformation diagram. 

 

Figure 4. Structure diagram of fuzzy adaptive PI control. 
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L1, L2 and C are LCL filter parameters, and KPWM is modulation coefficient. Inverter loop gain is as 

follow: 

x1 x2 2
( ) ( ) ( ) ( )s s s s=

i
T G G H             (5) 

According to the national grid connection standard, the short-circuit ratio (SCR) less than 10 

can be called weak network [25], and the calculation of transmission line impedance is: 

    
SCR 2

g

g

u

f i
=

  
g
L              (6) 

where f is the grid frequency, ug is the grid voltage and ig is the grid current. 

When SCR = 10 and ig = 50A, Lg=1.4mH. As shown in Figure 5, when SCR >1 0, although the 

phase decreases with the increase of inductance, it can still meet the requirement that the phase 

margin is greater than 45°. However, when Lg = 1.4mH (SCR = 10), the stability margin of GTI 

decreases to 9°, which is far less than the requirements of GTI for stability margin. We can clearly 

observe that the AFPIC has limited regulation ability, it can only ensure the good stability of the 

system under low network impedance. When the network impedance is large, the AFPIC has poor 

stability or even loses stability. 
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Figure 5. Stability margin of GTI for different impedance. 

2.2. Series impedance correction method of inverter 

2.2.1. Series impedance correction 

To raise the stability margin of AFPIC under high network impedance, the method of series 

virtual impedance is adopted. In order to analyze the output, we should assume that the output 

impedance of the inverter is equivalent. 

According to Figure 3 and Eqs (3)–(5), the network access current can be expressed as 
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with (7), is(s) and Zinv is as follow: 
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It can be concluded from Eqs (7)–(9), that the inverter can be represented as a parallel 

combination of current source is(s) and output impedance Zinv(s), as illustrated in Figure 6. 

 

Figure 6. Equivalent diagram of inverter output impedance. 
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The grid side current is given by relation 
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Let H1 and H2 be the following equations respectively: 
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The stability of the system depends on H1 and H2. Since H1 is only related to the inverter 

parameters, the phase margin of H1 can be regarded as a fixed value. Therefore, H2 determines 

whether the system is stable or not. Following are the two conditions that must be met to ensure the 

stability of GTI,  

1) The GTI is stable when the line impedance Zg = 0  

2) 1+Zg/Zinv = 0 is stable. 

Condition 1 can be satisfied by the parameter design of the inverter, and condition 2 can be 

analyzed by using the frequency stability criterion, that is, at the intersection frequency of Zg and Zinv, 

the phase margin of the system is PM > 0. The calculation formula of system phase margin PM at 

intersection frequency is as follow: 
oPM 180

g
[arg( (j )) arg (j )]Z Z = − −

inv           (13) 

  is the intersection frequency of Zg and Zinv. 

We can clearly observe from Eq (13) that the stability margin of the system can be improved by 

increasing the phase of Zinv, and the series impedance correction can effectively improve the phase 

margin of Zinv. The equivalent output impedance of inverter after series impedance correction is 

shown in Figure 7, the equivalent output impedance of the inverter is as follow: 

3
+

inv
Z Z=

o
Z                 (14) 

 

Figure 7. Series impedance correction equivalent circuit. 
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The equivalent output impedance of the inverter is resistance capacitance in most frequency 

bands, as displayed in Figure 8. Therefore, the output impedance can be corrected from resistance 

capacitance to resistance inductance by connecting the resistance inductance impedance Zo3 in series. 

After series correction, the phase of equivalent output impedance Z can be greatly improved. 

 

Figure 8. Impedance vector diagram. 

Zo3 is as follow： 

3 3 3
= +

o
Z L s R               (15) 

We can clearly observe from Figure 8 that the larger L3, the more obvious the phase increase of 

Zinv. Therefore, the series pure inductive impedance is most conducive to improve the phase margin. 

SCR = 3 is chosen, considering the design of the series virtual impedance under the weak power grid. 

Use iterative method to continuously increase L3 until PM > 45° is met. Take the phase margin PM = 

45°, and the corresponding L3 = 750 uH. As seen from Figure 9, using series impedance Zo3, the 

phase margin at the intersection frequency is increased from PM2 = 12.2° to PM1 = 46.8°, meeting 

the PM requirements > 45°. 

 

Figure 9. Series impedance correction Bode diagram. 

The system control block diagram after series impedance correction is shown in Figure 10. 
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Gx1(s) Gx2(s)

upcc

ig

Gx1Hi2

Zo3(s)

1/Zinv
 

Figure 10. Series impedance control block diagram. 

In order to make the control more convenient, the virtual impedance action point is moved 

forward to the duty cycle dy. 

e

ig(s)iref
Gx1(s)/Gi(s) Gx2(s)

Hi2

Gi(s)
dy

Zo3(s)Gi(s)/Gx1(s)

Impedance 

correction link
upcc

 

Figure 11. Equivalent transformation diagram. 

2.2.2. Feed forward control 

 

Figure 12. Feedforward link characteristics. 

The series impedance correction may successfully increase the system’s stability margin, but 

the amplitude gain of the system in the low frequency region is dropped just after series impedance 

correction, according to the assessment in Section 2.2.1 and Figure 9. The feed forward control with 

high gain at low frequency is used to guarantee that the system has adequate amplitude gain [26,27].  
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Feed forward control can adopt proportional feed forward, feed forward with filter and other forms. 

As shown in Figure 12, although proportional feed forward is simple used, it feeds back signals in all 

frequency bands and has the disadvantage of phase delay. However, feed forward with filter has 

low-pass characteristics and can effectively reduce the interference of high-frequency signals to the 

system. Therefore, a filter is introduced in the feed forward link. Since the second-order generalized 

integrator only has high gain for the signal at 50 Hz and very small gain at other frequency 

harmonics, the filter of the feed forward link adopts the second-order generalized integrator. 

The expression of the second-order generalized integrator is shown in Eq (16). 

0

2 2

0 0

(s) *
f

=
+ +

r

r

k w s
G K

s k w s w
              (16) 

where K denotes the proportional coefficient of feed forward link, kr represent a resonance depth, and 

w0 is the fundamental frequency. 

Figure 13 shows the bode diagram after introducing feedforward, which requires the gain of the 

system at 50 Hz to be greater than 20 dB. The value of kr is 0.2. We can clearly observe from the 

Figure 13 that the amplitude gain of the system is 4.7 dB when feedforward control is not introduced. 

By constantly trying K, when K = 0.2, it meets the requirement that the system amplitude gain is 

greater than 20dB. 

 

Figure 13. Bode diagram after introducing feed forward. 

 

Figure 14. Control block diagram after impedance correction and feedforward. 
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The control block diagram of adding feed forward link and impedance correction link is shown 

in Figure 14, in which the series impedance correction link is in the solid frame and the feed forward 

link is in the dotted frame. 

From the above analysis, we can clearly observe that fuzzy control is effective in improving the 

stability of GTI under low network impedance. but under the condition of high network impedance, 

AFPIC cannot meet the requirements of system stability margin. In contrast, series impedance 

correction can improve the system stability margin under high network impedance. Feed forward 

control can effectively improve the amplitude gain of a low-frequency band of the system. The 

combination of series impedance correction and feed forward control makes the system obtain good 

phase margin and amplitude gain. It effectively improves the adaptability of AFPIC to the weak 

power grid. 

3. Results 

3.1. Simulation analysis 

To check the effectiveness and rationality of the theoretical design in this paper, the simulation 

model is built using Matlab/Simulink software. The parameters of system under study are listed in 

Table 2. 

Table 2. system parameters. 

Parameter Value 

uin/V 500 

ug/V 220 

L1/uH 360 

L2/uH 300 

C/uF 10 

Hi1 1 

Hi2 0.15 

To validate the theoretical analysis, one groups of experiments are used in the simulation, The 

experimental value of the other group is SCR = 3, and the calculated Lg = 4.6mH. 

Judge whether the system operates stably according to the d-axis current: if the d-axis current 

fluctuates slightly and is basically a straight line, the system operates stably; If the fluctuation range 

of d-axis current is large, the system will be unstable. 

We can clearly observe from Figure 15(a) that under the independent action of fuzzy adaptive 

PI, the current of d-axis without line inductance is approximately a straight line, and the amplitude of 

d-axis current is about 25 A after Lg is input, the system is seriously unstable. Figure 15(b) shows 

the current waveform. We can clearly observe that after the line inductance is input, the system is 

unstable and the current is seriously distorted. 
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Figure 15. Waveform diagram of network access current when Lg = 4.6 mH. 

Figure 16 shows the current waveform of after impedance correction and feedforward. The GTI 

system operated under strong current network 0.5 s ago, and the inductance Lg = 4.6 mH was input at 

0.5 s. We can clearly observe from Figure 16(a) that even if a large line inductance was input, the 

d-axis current remained in a straight line after series impedance correction and feedforward control, 

and the system showed good stability. Moreover, the line inductance of Lg = 4.6 mH does not affect 

the quality of grid-side current, meeting the standard. 
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Figure 16. Network current waveform after series impedance correction. 
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3.2. Experimental verification 

An experimental platform is built to verify the method's correctness further. The control chip 

adopts TMSF28335, the driving chip adopts HCPL-3120, the isolation chip adopts 

WRB1205s-3WR2, and the switch tube adopts CSD19535. Figure 17 shows the 1kW experimental 

platform. 

 

Figure 17. Experimental platform. 
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Figure 18. Lg = 4.6 mH experimental waveform. 
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To make the impedance correction effect more intuitive, the DAC function of DSP is used to 

output the d-axis current. However, because the DAC function cannot directly output the current, the 

d-axis current is converted into voltage in equal proportion, in which 1 V voltage corresponds to 25 

A current. 

To verify that the proposed method still has good control effect under high network impedance, 

the network impedance of Lg = 4.6 mH is input at 0.1 s. We can clearly observe from Figure 18 that 

after the network impedance is input, the amplitude fluctuation of d-axis current is about 1 V, the 

corresponding current is 25 A, the system loses stability, and the network current is seriously 

distorted. 

After series impedance correction and feedforward control, the network current waveform is 

shown in Figure 19. At 0.1 s, the inductance of Lg = 4.6 mH is input. As can be seen from Figure 

19(a), after impedance correction, the d-axis current is still a straight line, and the system remains 

stable. According to the experimental results in Figure 19, the proposed method still has good 

stability at high network impedance (SCR = 3 ), and effectively improves the adaptability of AFPIC 

to weak power grid. 
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Figure 19. Experimental waveform after impedance correction and feed forward. 

4. Conclusions 

During regenerative braking in a tram, the large network impedance reduces the stability of the 

inverter. AFPIC can better ensure the system's stable operation under the condition of low network 

impedance. Still, under high network impedance, AFPIC cannot meet the requirements of system 

stability margin, resulting in the instability of GTI. Therefore, the series impedance correction method 

has been adopted in this paper. The simulation and experimental results showed that under high 

network impedance, that is, when SCR = 3, the oscillation of AFPIC can reach 25 A, and the system is 

seriously unstable. The proposed method effectively eliminates the oscillations of AFPIC and greatly 

improves the stability margin of the GTI system. The advantage of this paper is that the impedance 
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parameters in series required by the current system can be designed according to the size of the line 

impedance and the given stability margin, so that the margin compensation of the system has a 

theoretical basis, the parameters of the series impedance are more accurate, and the compensation 

effect is better. In the follow-up study, it is also necessary to consider that when the line impedance 

changes in real time, the series impedance should be able to be adjusted online to follow the change 

of line impedance, so that the control system can better adapt to the dynamic changes of the system. 
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