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Abstract 

The DC distributed power system requires a filter due to the characteristics of constant 

power load (CPL) and switching noise and has unstable characteristics owing to negative 

impedance. This study aimed to control the voltage bus conditioner (VBC) in order to 

resolve the instability of DC distributed power system with CPL characteristics. The PID 

controller design method proposed in this study designed a PID controller by using Youla 

parameterization for ensuring robustness, stability, and internal stability. The simulation 

results showed that the proposed method offered better performance.  
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1. Introduction 

As power demand increases and supply voltage decreases, power systems have new 

challenges. DC distributed power systems are currently used in various fields including 

communication systems, military facilities, aerospace, electric vehicles, and new 

renewable energy systems [1][2][3][4][5]. A typical DC distributed power system is 

as shown in Figure 1.  

 

 

Figure 1. A Schematic Diagram of General High Voltage DC Distributed 
Power System 
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The converter generally has the characteristics of constant power load (CPL) and 

requires an appropriate filter due to switching noise (Figure 1). These characteristics 

result in negative impedance [6]. A typical DC distributed system consists of a source 

converter and a load converter (Figure 2).  

 

 

Figure 2. Structure of Partial DC Distributed Power System 

A load converter with CPL characteristics has the characteristics of negative impedance 

and these characteristics can make the whole DC distributed power system unstable due to 

the interaction with the input filter. The voltage bus conditioner (VBC) is a power 

converter with having an energy storage device to resolve the instability issue of the bus 

voltage. The VBC generally has a bi-directional structure [7]. Moreover, it can be divided 

into the current type VBC and the voltage type VBC depending on the energy storage 

type. The current-type VBC can efficiently utilize the energy stored in the storage 

inductor, but it has a shortfall of losing power a lot during a steady state condition. 

Furthermore, it is also difficult to control it efficiently when the load current is larger than 

the current flowing through the inductor [7]. However, these shortfalls can be overcome 

by using cryogenic power electronics and superconducting coils. Additionally, the 

shortfalls of the above-mentioned current-type VBC can be supplemented by the voltage 

type VBC. The voltage-type VBC always require a large-capacity storage capacitor 

because the size of the voltage stored in the storage capacitor must be always larger that 

of the bus voltage [8]. This study used a voltage-type VBC with having a small capacity 

capacitor, which could overcome the disadvantage of a voltage-type VBC with a large-

capacity capacitor [8]. There are many methods to control a voltage-type VBC with 

having a small capacity capacitor and these methods include the optimal linear quadratic 

regulator (LQR), [9][10], LQG-LTR[11], and 𝐻∞ [11][12], based on the mathematical 

theories. Since these mathematical methods are designed to satisfy the required 

performance even in the worst case, the controllers have higher orders than the controlled 

system. It is not difficult to realize the design of the controller because of the 

improvement of the processor performance and the computing power. However, the PID 

controller is more preferred because the PID controller is flexible and simple in the aspect 

of effects by investment and it is easier to design than the optimal control theory [13]. 

This study designed a PID controller by using Youla parameterization in order to 

control VBC and secure the internal stability. The PID controller tuning method proposed 

in this paper determines the control gain of the PID controller by using Youla 

parameterization and considering the inputs and outputs between each system in addition 

to the input and output of the entire system. Therefore, it is more stable and robust than 

the existing PID controller design.  

 

2. Voltage Bus Conditioner 

The topology of the current-type converted proposed in this study is shown in Figure 3, 

where VC means the bus voltage. CF has a small capacity in order to mitigate the 

switching frequency. CST is a storage capacitor and LF regulates the current between Bus 

Voltage Vc and VST (storage voltage) during on or off while two switches (Q1 , 𝑄2) have a 

short dead time symmetrically. The characteristics of a power converter, which switches, 
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are complex. These complex characteristics can be expressed by using a state-space 

model [14]. When IC is assumed to be 0 in Figure 3, IS ≅ 𝐼𝐿 can be considered true and it 

can be expressed as a state space averaging equation (Equation (1)).  

 

 

Figure 3. The Topology of the Voltage Bus Conditioner 
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In Equation (1), D means the duty ratio and it is the standard when Q2 is on. The duty 

ratio of the steady-state is equal to Equation (2).  

 

D =
VST

𝑉𝐶+𝑉𝑆𝑇
                                                       (2) 

 

When a linearized small signal model is expressed by Equation (1), it can be expressed 

as Equation (3).  
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When the transfer function of IL against the changes of duty is expressed by Equation 

(3), it can be expressed as Equation (4). 

 

G(s) =
𝐼𝐿̅

𝐷
=

VT
𝐿𝐹
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                                                (4) 
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The location of zero in Equation (4) changes because the current IL in the numerator of 

Equation (4) has a positive or a negative value owing to the switching action of two 

switches (Q1 and Q2). It greatly affects the response speed and the characteristics of the 

system. 

 

3. Controller Design 
 

3.1. PID Controller Structure 

Two representative PID controller structures are the parallel type structure and the 

serial type structure. It is easy to develop a parallel structure formula and the control input 

u(t) is expressed as Equation (5).  The block diagram of it can be described as Figure 4 

[13].  

 

u(t) = Kpp(𝑒(𝑡) +
1

𝐾𝑖𝑝
∫ 𝑒(𝜏)𝑑𝜏

𝑡

0
+ 𝐾𝑑𝑝

𝑑𝑒(𝑡)

𝑑𝑡
)                                 (5) 

 

 

Figure 4.  Block Diagram of the PID Controller’s Parallel Structure 

The proportional element P, the integral time I, and the differential time D parts are 

separated in the parallel structure of Figure 4. It is the ideal PID controller structure. 

However, in practice, it has a disadvantage of requiring more analog amplifiers than a 

series structure PID controller to realize it. This study used a parallel structure PID 

controller, which is easy to formulate, because it is possible to interchange a parallel 

structure PID controller with a series structure PID controller at each design parameter, 

although the series structure PID controller is more commonly used in practice.  The 

design parameters of the PID controller is set as proportional gain (KP), integral time (Ki), 

and differential time (Kd) and control input u(t) is expressed as Equation (6). 

 

u(t) = Kp (𝑒(𝑡) +
1

𝐾𝑖
∫ 𝑒(𝜏)𝑑𝜏

𝑡

0
+ 𝐾𝑑

𝑑𝑒(𝑡)

𝑑𝑡
)                                     (6) 

 

3.2. Coprime Factorization 

When the transfer function P(s) of the VBS is assumed as a real-rational function, 

Equation (7) and (8) can be divided into two coprime functions. 

 

P(s) = N(s)M(s)−1                 𝑁(𝑠),   𝑀(𝑠) ∈ 𝑅𝐻∞                          (7) 

 

P(s) = M̃(s)Ñ(s)−1                 𝑁̃(𝑠),   𝑀̃(𝑠) ∈ 𝑅𝐻∞                          (8) 

 

where Equation (7) is right coprime factorization and Equation (8) is left coprime 

Factorization. The transfer function P(s) of VBC (a real rational function) is expressed by 

real rational gain functions (Equation (7) and (8)) so it can explain internal stability and 

effectively control P(s), which has unstable zero and pole. Especially, when P(s) is stable, 
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the right coprime factorization and left coprime factorization become 
(P(s), I) and (I, P(s)), respectively.  

 

3.2. Controller Parameterization 

When P(s), a transfer function of a real rational function VBS, satisfies the Bezout 

identity, Controller G(s) can be divided into stable rational functions.  

 

Bezout theorem: If there are X(s), Y(s) ∈ R𝐻∞ satisfying Equation (9), when P(s) ∈
R𝐿∞, P(s) will be right coprime factorization since N(s), M(s) ∈ R𝐻∞ is true. That is, it 

becomes Equation (10).  

X(s)N(s) + Y(s)M(s) = 1                                              (9) 

 

P(s) = N(s)M(s)−1                                                  (10) 

 

Left coprime factorization is also expressed in the same way and X (s) and Y (s) can be 

estimated by using the Euclidean algorithm generally [16]. All controllers, stabilizing P(s), 

can be obtained by using the coprime factorization of P(s), which is a transfer function of 

VBC. The group of these controllers can be expressed through parameterization. The 

group of all controllers, which stabilize the closed loop feedback system internally, is 

equal to Equation (11) [16]. 

 

(𝐺(𝑠)   ∶ 𝐺(𝑠) =
𝑋(𝑠)+𝑀(𝑠)𝑄(𝑠)

𝑌(𝑠)−𝑁(𝑠)𝑄(𝑠)
   ∶ 𝑄(𝑠) ∈ 𝑅𝐻∞)                     (11) 

 

If P(s) ∈ R𝐻∞, N(s), M(s), X(s), and Y(s) of Equation (9) can be assumed as P(s), 1, o, 

and 1, respectively and it becomes equal to Equation (12).  

 

G(s) =
𝑋(𝑠)+𝑀(𝑠)𝑄(𝑠)

𝑌(𝑠)−𝑁(𝑠)𝑄(𝑠)
=

𝑄(𝑠)

1−𝐺(𝑠)𝑄(𝑠)
                                      (12) 

 

In general, Q (s) is a design parameter that is designed with considering the 

performance and condition. When the sensitivity function S(s) and the complementary 

sensitivity function T(s) are expressed by the parameterized controller and P(s), a coprime 

factorized transfer function VPC, they become Equation (13) and (14).  

 

S(s) = (1 + P(s)G(s))
−1

= 𝑀(𝑠)(𝑌(𝑠) − 𝑁(𝑠)𝑄(𝑠))                     (13) 

T(s) = (1 + P(s)G(s))
−1

𝑃(𝑠)𝐺(𝑠) = 𝑁(𝑠)(𝑋(𝑠) + 𝑀(𝑠)𝑄(𝑠))                 (14) 

Therefore, the problem of minimizing the weighted sensitivity becomes equal to 

Equation (15). 

 

min‖𝑊1𝑆(𝑠)‖∞ = min‖𝑊1𝑀(𝑠)(𝑌(𝑠) − 𝑁(𝑠)𝑄(𝑠))‖
∞

                (15) 

 

3.2. Selection of Parameter Q(s)  

The block diagram of the control system with a unity feedback for the VBS control can 

be expressed as Figure 5. In Figure 5, a transfer function for input and output can be 

described as Equation (16). 

 



International Journal of Control and Automation 

Vol. 11, No. 2 (2018) 

 

 

108  Copyright © 2018 SERSC Australia 

 

Figure 5. Block Diagram of a Control System with Unity Feedback 

y(S)

r(s)
=

𝑃(𝑠)𝐺(𝑠)

1+𝑃(𝑠)𝐺(𝑠)
                                                (16) 

where Equation(12) is considered for the PID controller tuning, it can be expressed as 

Equation (17).  

Q(s) =
G(s)

1+P(s)G(s)
                                                    (17) 

One of the difficulties to design a controller in the closed loop feedback control system 

is that the transfer function of the closed loop is non-linear in the controller G(s). 

However, it can be expressed as a block diagram (Figure 6), derived from Figure 5 with 

considering the design parameter Q(s) of Equation (17).  

The technique using the design parameter Q(s) is defined as Q Parameterization or 

Youla Parameterization [17]. Equation (12) can refer to a controller, which has an 

internally stable feedback system. A design parameter Q(s), which is a stable transfer 

function in a proper fraction form, can be determined arbitrarily. Therefore, a controller 

can be designed by selecting Q(s) arbitrarily but Q(s) needs to be determined carefully 

because the objective of this study was to estimate tuning parameters of the PID controller 

for controlling VBS.  By carefully selecting Q(s), it is possible to reduce the high order of 

a controller, which is one of the disadvantages of the control method mathematically 

designed by a controller, to a simple PID controller form parameter. Moreover, if the 

plant is stable in the proper fraction form, Q(s) can be expressed as Equation (18).  

 

Q(s) = P−1(𝑠)𝐹(𝑠)                                                      (18) 

 

 

Figure 6. Block Diagram of a Control System with Unity Feedback 
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where F(s) is a desired roll-off function and it is typically chosen as the nth order 

critical damping system.  

F(s) =
1

(τs+1)n  ,    𝜏 > 1                                              (19) 

where n is the relative order of the system, 𝜏 is a value minimizing Equation (19), and 

when 𝜏 → 0, Equation (20) is equal to 0 

‖𝑄(𝑠) − 𝐹(𝑠)𝑄(𝑠)‖∞                                                  (20) 

When the design parameter Q(s) is estimated by using Equation (4) and Equation (19), 

it is equal to Equation (21).  

Q(s) =
S2+𝑎

(𝑏𝑠+𝑐)(𝜏𝑠+1)2                                                    (21) 

 

a =
(1 − D)2

𝐿𝐹𝐶𝑆𝑇
,   b =

VT

𝐿𝐹
,   𝑐 =

(1 − 𝐷)𝐼𝐿

𝐿𝐹𝐶𝑆𝑇
 

When the shape of the PID controller for controller VBC is made by using the design 

parameter Q(s), Equation (17) can be expressed as Equation (22) 

G(s) =
Q(s)

1−G(s)Q(s)
=

𝐹(𝑠)𝐺−1(𝑠)

1−𝐹(𝑠)𝐺−1(𝑠)𝐺(𝑠)
=

𝐹(𝑠)

1−𝐹(𝑠)
𝐺−1(𝑠)                      (22) 

 

When the gain of the PID controller is obtained from Equation (22), it becomes equal 

to Equation (23), (24), and (25).  

 

Kp =

(1−𝐷)2

𝐿𝐹𝐶𝑆𝑇
𝜏−𝜏2

4𝜏2                                                       (23) 

 

Ki =
VT

2𝜏𝐿𝐹
                                                               (24) 

 

Kd =
4𝜏2−4

(1−𝐷)2

𝐿𝐹𝐶𝑆𝑇
𝜏3+𝜏2(1−𝐷)𝐼𝐿

𝐿𝐹𝐶𝑆𝑇

8𝜏3                                   (25) 

 

3.2. Control of VBC 

The block diagram of the VBC control system can be shown as Figure 7 and the 

control consists of two loops. 

 

 

Figure 6. Block Diagram of a VBC Control System 
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The main loop mitigates the transient state of the DC bus and the auxiliary loop 

maintains the desired storage voltage. The auxiliary loop maintains can be ignored in 

Figure 7 because K1 ≫ 𝐾2. 

 

4. Simulation  

The simulation was executed by using Matlab and parameters are shown in Table 1. 

Table 1. Parameters for the Simulation 

Parameter Symbol Value 

Bus Voltage Vi 270[V] 

Inductance of LC Filter L𝑆 400[μH] 

Capacitance of LC Filter C𝑆 50[μF] 

Storage Capacitor of the 

VBC 
C𝑆𝑇 100[μF] 

Inductance of the VBC L𝐹 900[μH] 

Capacitance of the VBC CF 1.2[μF] 

Rated Pulsed Load  3[kW] 

Switching Frequency  20[kHz] 

Br(ω), a barrier for command following and disturbance rejection for the internal 

stability, and Bn(ω), a barrier for reducing sensor noise and modeling error, are defined as 

Table 2.  

Table 2. Frequency Domain Specification Design 

Barrier  Boundary Frequency  

𝐵𝑟(𝜔) 
mr = 40𝑑𝐵 ω ≤ 1 

0 ω > 1 

𝐵𝑛(𝜔) 
0 ω ≤ 400 

𝑒𝑚𝑎𝑥
−1 = 10/ω ω > 400 

Figure 7 shows the changes of loop shapes according to parameter τ of the roll-off 

function F(s) in the design parameter Q (s) of the PID controller. 
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Figure 7. Changes of Loop Shapes According to the Parameter 𝛕 Setting 

Figure 7 reveals that Bn(ω), a barrier for reducing sensor noise and modeling error, 

Br(ω), a barrier for command following and disturbance rejection for the internal stability, 

were not invaded when violated when the parameter τ of the PID controller was 3.0≥ and 

≥1.5. As the value closer to the intermediate boundary was chosen, the loop shape of the 

VBC control system was farther away from the barrier Br(ω) in the high-frequency range 

and the barrier Bn(ω) in the low-frequency range to improve the performance of response. 

Therefore, when the parameter τ is set to 1.8, the PID control parameters can be estimated 

(Table 3). In Figure 6, gain K1 of the main loop was set as 1 and K2 of the auxiliary 

control loop was set as 0.06. The results of step response are shown in Table 4. 

Table 3. PID Controller Design Parameters 

Control Parameter 
K𝑝 K𝑖 K𝑑 

41.30 40.56 0.08 

 

 

Figure 8. Step Response of the VBC Control System 



International Journal of Control and Automation 

Vol. 11, No. 2 (2018) 

 

 

112  Copyright © 2018 SERSC Australia 

Table 4. Performance of the VBC Control System against Step Response 

Overshoot Setting Time Rising Time 

0.0535 8.28% 0.000784 

The setting time, overshoot, and rising time (Figure 8 and Table 4) indicated that the 

method proposed by this study was excellent.  

 

5. Conclusion  

This study designed a voltage-type PID controller in order to stabilize the instability of 

DC distributed power system. The study obtained satisfying results (rising time, overshoot, 

and setting time) by designing a PID controller assuring robustness, stability, and internal 

stability and designing an analytical and sophisticated PID controller. 
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