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Abstract- Up to now, conventional proportional-integral (PI) controllers are the most common DC-bus voltage regulation 

strategy used in grid-tie inverter systems. The popularity of PI controllers are mainly due to the simplicity of its control structure 

and the feasibility of its control performance. The main aim of this work is to investigate and to compare the performance of two 

linearization techniques in which PI controller implemented to handle the nonlinear problem of the DC-bus voltage regulation, 

namely: plant linearization and feedback linearization technique. To get optimum responses, in this paper, the PI controller 

parameters were chosen by the popular symmetrical optimum tuning method. By using simulation study under Matlab/Simulink 

software environment, it is shown that both the linearization techniques based PI controller have almost the same performance 

in response to relatively small power disturbances. Whereas for the relatively large power disturbances, the performance of the 

plant linearization based-PI controller, although not too significant, is more superior than that based on the feedback linearization 

technique.  

Keywords DC bus; feedback linearization, grid-tie inverter, plant linearization, symmetrical optimum tuning method. 

 

Nomenclature 

V  Inverter voltage magnitude (V) 

E grid voltage magnitude (V) 

𝛿 phase angle difference (rad) 

L  Line inductance (H) 

R  Line resistance (ohm) 

C  DC bus capacitance (F) 

ωg  Grid frequency 

ωs  Synchronous frequency 

Vdc  DC bus voltage 

id, iq  d-axis component of grid voltage and 

current vector 

vd,vq direct and quadrature component of the inverter 

voltage vector 

ed,eq direct and quadrature component of the grid 

voltage vector 

uPI output of the PI controller 

Kp Proportional gain 

Ti Time integral 

Tcl  desired time constant of closed loop system 

Pg active grid power 

Qg reactive grid power 

idc_s  Renewable power source DC current 

idc_g  Grid side converter DC current 

 

1. Introduction 

Grid-tie inverters recently play important role in many 

grid-connected power system applications including doubly 

fed induction generator based wind turbine [1-3], on-grid 

photovoltaic systems [4-5], Active Power Filter/STATCOM 

[6-8], high voltage direct current (HVDC) transmission 

systems [9-10], active rectifiers [11], and Dynamic Voltage 

Restorer [12].  

In the on-grid power system applications, the main 

responsiblity of the inverters and their associated controller 
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basically are to deliver both active and/or reactive power from 

utilities to the grid or vice versa. 

In the vector control method, the magnitude and direction 

of the active power flow generally controlled indirectly by 

regulating the DC bus capacitor voltage at a certain level, 

whereas the reactive power is controlled by manipulating the 

quadrature component of the current vector directly.  

Based on the power balance theorem, the DC bus voltage 

dynamic in the grid-tie inverter systems basically is governed 

by a nonlinear differential equation. However due to the 

design and implementation simplicity, up to now, the most 

common strategy used to regulate the DC bus capacitor 

voltage is a linear PI control method. 

Technically, there are two general linearization 

approaches that could be chosen to regulate the nonlinear 

dynamic of the DC bus voltage by using the linear PI 

controller: (1) Plant linearization technique such as used by 

Pena et.al [13] and Abad et.al [14] and (2) Feedback 

linearization technique such as used by Song et.al [15] and 

Setiawan et.al [16]. Although the implementation of these two 

methods could be found in many works, to the best of author’s 

knowledge, none of the papers try to investigate and compare 

the control performance resulted by these two methods. 

The main objectives of this paper are two folds: (1) To 

design the PI controller for regulating DC bus capacitor 

voltage in the on-grid renewable power generation systems by 

using the plant linearization and feedback linearization 

methods, (2) to analysis and compare the transient 

performance achieved by those different feedback control 

scheme. To get the optimum performance, in this work, the PI 

control parameter for both methods are tuned by using 

relatively popular method that well known as symmetrical 

optimum tuning method [17].  

The remainder of the paper is organized as follows. 

Section 2 describes respectively the model of the on-grid 

renewable power generation system and the symmetrical 

optimum PI tuning method. In Section 3, the design of the DC 

bus capacitor voltage regulator in the on-grid renewable power 

generation system by using the plant and feedback 

linearization methods will be discussed, next, Section 4 

present the simulation results and discuss the transient 

performance of the control system. Finally, the conclusions 

are drawn at Section 5. 

2. System Models 

2.1. Current dynamics and Power Transfer of Grid-Tie 

Inverter Model   

Fig.1 shows a general topology of the grid-tie inverter in 

on-grid renewable power generation system that is used in this 

investigation. By ignoring the cable resistance, In the steady 

state, the grid active (P) and reactive power (Q) could be 

simply represented by (1) and (2).  

a b c
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Phase 
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Fig.1. a grid-tie inverter in the on-grid renewable power 

generation system 

𝑃𝑔 =
𝑉𝐸𝑠𝑖𝑛(𝛿)

𝜔𝑠𝐿
            (1) 

𝑄𝑔 =
𝑉

𝜔𝑠𝐿
(𝑉𝑐𝑜𝑠(𝛿) − 𝐸)          (2) 

Based on the above two equations, it is clear that for the 

certaint grid voltage, the active and reactive grid power 

respectively could be controlled directly by manipulating the 

phase and magnitude of the inverter output voltage.  

By using the Clark and Park transformations, the grid-tie 

inverter circuit model of Fig.1 could be represented in the d-q 

circuit model as shown at Fig.2.  In the d-q circuit model, the 

sinusoidal current and voltage of the grid and inverter systems 

will be appear as dc variables that relatively easy to be 

manipulated. By refer to Fig. 2, the current dynamic of the 

grid-tie inverter system could be represented as shown at (3) 

and (4).  

𝑑𝑖𝑑

𝑑𝑡
= −

𝑅

𝐿
𝑖𝑑 +

1

𝐿
𝑣𝑑 +

1

𝐿
(−𝑒𝑑 +𝜔𝑠𝐿𝑖𝑞)         (3) 

𝑑𝑖𝑞

𝑑𝑡
= −

𝑅

𝐿
𝑖𝑞 +

1

𝐿
𝑣𝑞 +

1

𝐿
(−𝑒𝑞 − 𝜔𝑠𝐿𝑖𝑑)         (4) 

-wsiq
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Fig. 2. d-q circuit model of the grid-tie inverter system 

From (3) and (4), it is clear that the dynamic of the d-q 

grid current vector components basically could be controlled 

independently by manipulating the d-q  voltage components 

of the inverter output. If the inverter output are chosen as 

shown in (5) and (6).   

𝑣𝑑 = 𝑢𝑃𝐼 + (𝑒𝑑 −𝜔𝑠𝐿𝑖𝑞)           (5) 

𝑣𝑞 = 𝑢𝑃𝐼 + (𝑒𝑞 +𝜔𝑠𝐿𝑖𝑑)           (6) 

Where  
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𝑢𝑃𝐼 = 𝐾𝑝(1 +
1

𝑇𝑖𝑠
)(𝐼∗(𝑠) − 𝐼(𝑠))         (7) 

if Kp and Ti are determined by  using the pole placement 

technique as shown in (8) and (9) below:  

𝐾𝑝 =
𝐿
𝑇𝑐𝑙
⁄              (8) 

Ti =
L
R⁄ ; Ki =

Kp
Ti

⁄             (9) 

then the closed loop transfer function of the grid d-q current 

components now could be simplified as the first order system 

as shown at (10) [18]. 

𝐼𝑑(𝑠)

𝐼𝑑
∗ (𝑠)

=
𝐼𝑞(𝑠)

𝐼𝑞
∗(𝑠)

=
1

𝑇𝑐𝑙𝑠+1
               (10) 

Fig.3 shows the block diagram of the PI control system of the 

grid current vector components. 
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Fig. 3. Block diagram of the PI control system of the grid 

current components 

If the grid voltage vector in the current dynamic model is 

chosen as the synchronously rotating frame of reference, then 

the active and reactive grid power could be calculated 

respectively by using (11) and (12). 

𝑃𝑔 =
3

2
(𝑒𝑑𝑖𝑑)                 (11) 

𝑄𝑔 =
3

2
(−𝑒𝑑𝑖𝑞)               (12) 

2.2. Symmetrical Optimum PI Tuning Method 

Historically, the Symmetrical Optimum (S.O) tuning 

method first proposed by Kessler in 1958. According to the 

S.O criteria, the parameters of the PI controller for the plant 

model shown in (13) could be determined by using (14) and 

(15). 

𝐻𝑂𝐿(𝑠) =
𝐾

𝑇𝑠

1

(𝑇𝑒𝑞𝑠+1)
            (13) 

𝐾𝑝 =
𝑇

𝑎𝐾𝑇𝑒𝑞
            (14) 

𝑇𝑖 = 𝑎2𝑇𝑒𝑞            (15) 

Where a is a parameter that determine the phase margin 

and damping ratio of the closed loop transfer function: The 

higher value of a will tend to increase both of the phase margin 

and damping ratio. For the detail explanation of the S.O tuning 

method, the readers are suggested to refer [19]. 

 

3. Design of the DC Bus Voltage Regulator  

By refer to Fig.1, the dynamic of the DC bus capacitor 

voltage could be written as shown in (16) 

𝑣𝑑𝑐

𝑑𝑡
= −

1

𝐶
𝑖𝑑𝑐_𝑔 +

1

𝐶
𝑖𝑑𝑐_𝑠          (16) 

By considering the power balance theorem below:  

𝑣𝑑𝑐𝑖𝑑𝑐_𝑔 =
3

2
𝑒𝑑𝑖𝑑                   (17) 

Then the dynamic of the DC bus capacitor voltage will be 

appeared as a non-linear differential equation as shown in 

(18): 

𝑣𝑑𝑐

𝑑𝑡
= −

3

2𝐶

𝑒𝑑

𝑣𝑑
𝑖𝑑 +

1

𝐶
𝑖𝑑𝑐_𝑠        (18) 

3.1. Design of the PI controller by using plant linearization 

Technique 

At around operating point, the non-linear dynamic of the 

DC bus voltage could be linearized as shown at (19). 

𝑣𝑑𝑐

𝑑𝑡
= −

3𝑒𝑑

2𝐶𝑣𝑑𝑐
∗ 𝑖𝑑 +

1

𝐶
𝑖𝑑𝑐_𝑠        (19) 

By substituting the d-axis grid current component from (10) 

into (19), the DC bus voltage dynamic now could be 

represented as shown in (20).  

𝑉𝑑𝑐(𝑠) = −
3𝑒𝑑

2𝐶𝑉𝑑𝑐
∗ 𝑠

1

(𝑇𝑐𝑙𝑠+1)
𝑖𝑑
∗(𝑠) +

1

𝐶𝑠
𝑖𝑑𝑐_𝑠(𝑠)      (20) 

By careful inspection, the dynamic of the DC bus voltage 

due to the Id reference changes in (20) basically is equivalent 

with (13). Using the S.O method, the PI control parameters 

could be found easily as shown in (21) below. 

𝐾𝑝 =
2𝐶𝑉𝑑𝑐

∗

3𝑎𝑒𝑑𝑇𝑐𝑙
;𝑇𝑖 = 𝑎2𝑇𝑐𝑙; 𝐾𝑖 =

𝐾𝑝

𝑇𝑖
       (21) 

Fig.4 shows the simplified PI control block diagram of the 

DC bus voltage based on plant linearization technique. 
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Fig. 4. Block diagram of the DC bus voltage control system 

based on plant linearization 

3.2. Design of the PI Controller by using Feedback 

Linearization Technique 

By refer to relations (10) and (18), the DC bus voltage 

dynamic mathematically could be directly represented as a 

linear feedback system as as shown in (22) below: 
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𝑣𝑑𝑐

𝑑𝑡
= −

3𝑒𝑑

2𝐶𝑠

1

(𝑇𝑐𝑙𝑠+1)
𝑢(𝑠) +

1

𝐶
𝑖𝑑𝑐_𝑠       (22) 

Where  

𝑢(𝑠) = (
𝑖𝑑
∗ (𝑠)

𝑣𝑑𝑐
)        (23) 

From (23) it is clear that in the feedback linearization 

technique, the d-axis current component reference basically is 

the nonlinear signal that depend on both the PI controller 

output and the actual DC bus voltage. So by using S.O. 

method, the PI control parameters could be found easily by 

(24) below 

Kp =
2C

3aedTcl
;Ti = a2Tcl; Ki =

Kp
Ti

⁄        (24) 

Fig.5 shows the simplified DC bus voltage control system 

block diagram based on the feedback linearization. 
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Fig.5. Block diagram of the DC bus voltage control 

system based on feedback linearization 

4. Simulation Results and Discussion 

Fig.6 shows the relatively complete block diagram of the 

grid-tie inverter in the on-grid renewable power generation 

systems that investigated in this study.  
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Fig.6. Simulation block diagram of the DC bus voltage 

control system in grid-tie inverter system 

 

By using the grid-tie inverter system parameters as shown 

at Table 1, the PI control parameter for the inner current loop 

and the DC bus outer loop could be calculated as shown 

respectively in Table 2 and Table 3. 

In this works, the phase angle and the magnitude of the 

grid voltage are estimated by using synchronous reference 

frame phase locked loop (SRF-PLL), whereas the renewable 

power generation system in the simulation block is emulated 

by using the controlled current source.  

Tabel 1. The grid-tie inverter system Paramaters 

Parameter value 

vLL(V) 310 

f (Hz) 50 

R (ohm) 0.02 

L (H) 0.01 

C (uF) 1200 

Vdc
* (V) 650 

 

Tabel 2. The PI control parameters for the inner current loop 

Parameter  Value Method 

Kp 10 Pole placement 

Tcl=0.001 s Ki 20 

 

 Tabel 3. The symmetrical optimum PI control parameters  

  with a=2 

 

4.1. The Current Loop Control Performance 

Due to the performance of the inner current loop influence 

the performance of the DC bus voltage regulation directly. In 

this subsection, the performance of the inner current loop 

control will be investigated first. 

 By considering the current dynamic at the grid-tie 

inverter system is much faster compared to the DC bus voltage 

dynamic, than the desired closed loop time constant could be 

set as small as possible. However by considering the constraint 

of the current sampling rate, in this works, the desired closed 

loop time constant of the inner current loop is set 0.001s. Fig.7 

shows the transient responses of the current and grid power to 

the change of the current reference.  

From Fig. 7(a), it could be seen that for the step reference 

change of the id current vector component, the output can 

follow the reference almost instantly with the time constant 

about 0.001 second agree with the desired time. For the d-q 

current vector components profile depicted in those plots, the 

actual three phase grid current and the grid power respectively 

are shown in Fig.7(b) and Fig.7(c).  

4.2. The DC Bus Voltage Regulation Performance 

In this subsection, the PI control performance of the DC 

bus voltage regulation based on the two linearization 

techniques are be discussed  

Linearization Method Kp Ki 

Plant Linearization 0.838 209.5 

Feedback Linearization 0.00129 0.3225 
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Fig.7. Transien Responses: (a) the d-q current vector 

component (b) the three phase grid current (c) the grid power 

To investigate the control performance of DC bus voltage 

regulation, in this study, the DC bus voltage in the steady state 

will be disturbed by  the sudden change of the power generated 

by source with different magnitude. 

Fig.8 and Fig.9 respectively show the transient response 

of the DC bus voltage and the active grid power of feedback 

control system caused by the sudden changes of the power 

source with relatively small magnitude.  

From the plots of Fig. 8(a) and Fig. 9(a), it could be seen 

that the transient response and the integral of time-weighted 

absolute error (ITAE) performance index of the plant 

linearization and the feedback linearizaton based PI controller 

system are almost the same: For the sudden power change of 

2000 (5000) Watt in the renewable energy source, it is 

observed that the DC bus voltage will deviate from the steady 

state and rise with overshoot of 4.5 (10.75) volt. From the 

same plots it also could be seen that the settling time resulted 

by the different PI control scheme are about 0.01 second.  

Whereas from the plots of Fig. 8(b) and Fig. 9(b), ones 

can see the transient response of the active grid power due to 

the relatively small sudden power change. From the plots it 

could be observed that the transient response resulted from the 

different PI control scheme are almost the same. 

For the relatively large power disturbances, the transient 

response of the DC bus voltage and the active grid power 

respectively are shown in Fig.10 and Fig.11.  

From the Fig. 10(a) and Fig. 11(a), it is shown that the 

dynamic of the DC bus voltage and the power of two PI 

control scheme are relatively difference. In this case, the 

transient response of the PI control loop based on plant 

linearization have better performance than that based on the 

feedback linearization. For the sudden power change of 22 

(23) KW, the DC bus voltage of the PI control loop based on 

plant linearization will be experiencing overshoot 65 volt with 

setling time about 0.025 second, whereas for the PI control 

loop based on feedback linearization, the DC bus voltage will 

be experiencing overshoot 70 volt with setling time about 0.03 

second. 

From the plots of Fig. 10(b) and Fig. 11(b), ones can 

observe the transient response of the active grid power due to 

the relatively large sudden power change.  

 

Fig.8. Transien Response of the small disturbance (2000W 

power change): (a) the DC bus voltage (b) the active grid 

power 

 

Fig.9. Transien Responses of the the small disturbance 

(5000W power change): (a) the DC bus voltage (b) the active 

grid power 
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Fig.10. Transien Responses of the large disturbance 

(22000W power change): (a) the DC bus voltage (b) the 

active grid power 

 

Fig.11. Transien Responses of the large disturbance 

(23000W power change): (a) the DC bus voltage (b) the 

active grid power 

5. Conclusion 

The performance investigation of the DC bus voltage 

regulation-PI controller based on the plant linearization and 

the feedback linearization techniques in response to the power 

change generated by renewable energy source have been 

conducted in this study. From the simulation results, it is 

shown that the dynamic and the transient response of the DC 

bus voltage regulation due to the instantaneous small changes 

of the power are relatively the same both for the plant 

linearization based-PI controller and the feedback 

linearization based-PI controller. However for the 

instantaneous changes of the input power wih relatively large 

magnitude, the dynamic of the DC bus voltage regulation of 

the plant linearization based-PI controller and the feedback 

linearization based-PI controller are relatively different. 

Although not too significant, it could be seen that the response 

of the PI controller based on plant linearization is more 

superior that that of the PI controller based on feedback 

linearization both in the overshoot and ITAE. 
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