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Abstract 

Buck converter is taken as an example to research the full state space design feedback 

vector optimization problem. The full state space design is extraordinarily effective for the 

pole configuration in the closed-loop system, but when such control thought is applied to 

DC-DC switching converter, the actuator cannot completely execute relevant action due 

to the limited control action thereof or even the closed-loop system becomes unstable due 

to actuator saturation. 2-norm based low gain pole configuration is proposed in this 

article to design the full state control system without static error, and meanwhile the low 

gain feedback vector is designed according to the state space equation in order to ensure 

that the system has good starting performance, good power supply adjustment rate and 

good load adjustment rate. The research result shows that the low gain pole configuration 

can not only satisfy the system requirement, but also has better control effect than the 

traditional PI control, namely with better dynamic adjustment characteristic and static 

error adjustment characteristic; meanwhile, the overshoot, the adjustment time, etc. are 

obviously improved to provide reference for controller design & optimization and 

facilitate engineering implementation. 
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1. Introduction 

As the basic component for constituting other electrical energy transformers, DC-

DC converter is widely applied in such fields as photovoltaic power generation, 

aviation, aerospace, communication and computer. At present, the existing mature 

theories for DC-DC converter research are mainly focused on adopting the linear 

system theory for the small signal modeling for the switching converter and 

adopting the classic PID control theory for analyzing and designing the control 

system, thus to better solve the problems regarding the steady-state and dynamic 

low-frequency small signal analysis of DC/DC converter. However, the common 

PID control strategy is sensitive to the system parameter change, and especially 

during the starting process or under the condition of sudden load change, large load 

change, large power supply fluctuation or nonlinear load in the system, the 

switching converter has slow dynamic response speed, or the output waveform is 

seriously distorted, or even the system is instable, etc. [1-3]  

The state variables are adopted in the modern control theory to disclose the 

internal characteristics of the system so as to establish a kind of new control 

structure and method based on the state feedback. Compared with the traditional 

control structures only depending on the output feedback to control and display the 

control system, such control structure has more advantages, because it integrates all 
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state variable information of the system. Especially, the modern control strategy 

represented by the pole configuration has extraordinary control effect, thus 

becoming the development tendency of the high-quality control systems. 

Although the pole configuration in the closed loop system in the modern control 

theory has extraordinary capability, but when such control thought is applied to DC-

DC switching converter, the controller has high gain and the actuator cannot 

completely execute relevant action due to the limited control action thereof, or even 

the closed-loop system becomes instable due to actuator saturation. Therefore, it is 

necessary to research how to configure the poles in actual system in order to equally 

consider the above two problems. In this article, the low gain pole configuration is 

proposed, and meanwhile 2-norm is adopted to evaluate the configuration effect, 

thus to minimize the gain under the condition of meeting the transient-state and 

steady-state performance indexes and avoid or reduce the unexpected system 

response caused by the saturation characteristics of the actuator[2-4]. 

 

2. Pole Configuration Design for Dc-Dc Switching Converter 

DC/DC switching converter can be described by the state space of Formula (1):  

bu

y

 




x Ax

cx
                                                   (1) 

The controlled object is simply recorded as ∑0(A,b,c). Information xi(i=1,2,…,n) 

of n state variables is educed through the state feedback and fed back to the system 

reference input v through (1×n) feedback row vector K=[k0 k1…kn-1]. The state 

feedback structure control system of DC-DC switching converter is as shown in 

Figure 1. 

 

Figure 1. State Feedback Structure Diagram of DC-DC System 

The necessary and sufficient conditions for adopting the state feedback to 

configure the closed-loop pole at any position are that the controlled object 

∑0(A,b,c) can be completely controlled. 

The linear state feedback control rate u is as follows: 

u=v-Kx                                                              (2) 

The above formula is put into Formula (1) to obtain the closed-loop system state 

space description of the state feedback: 

( ) v

y

 




x A - bk x b

cx
                                                  (3) 

According to the above formula, after the state feedback is adopted, the original 

state equation is changed but the output equation is not changed. The  closed-loop 

system is simply recorded as ∑k=[(A-bK),b,c]. This formula shows that the 

coefficient of the characteristic polynomial of the closed-loop system can be 

changed through the selection of the element value of the feedback vector K in order 

to change the characteristic value of the system, namely the closed-loop pole[4]. 

According to Formula (3) and Structure Diagram 1, if the system can be 

controlled and observed, then the state feedback gain matrix can be suitably selected 

to realize the pole configuration of the system, wherein the expected closed-loop 
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poles can be designed according to system stability and dynamic quality. According 

to the pole configuration result, the transient quality and the dynamic quality of the 

system are changed along with the pole change, but the steady-state quality of the 

system is not changed, namely: the output result of the system cannot satisfy the 

preset requirement of the system and the system has steady-state error. In order to 

solve the steady-state error problem of the system, the control objective of DC-DC 

switching converter shall be the output voltage thereof. According to the Structure 

Diagram 1, the output voltage of the controlled variable is not introduced into the 

system state feedback to be taken as the feedback variable. In order to enable the 

system to not only satisfy the preset requirement of the system, but also have the 

performance of conquering power supply disturbance and load disturbance, the 

output voltage feedback is introduced on the basis of the state feedback and 

meanwhile an integration element is added to the system, thus to change the system 

into I-type system. In this way, the system can not only achieve the steady-state 

error free performance index, but also achieve the transient-state performance index. 

In allusion to DC-DC switching converter, the structure diagram in Figure 1 can be 

changed as the structure diagram in Figure 2 to realize the system without steady-

state error. 

 

Figure 2. State Feedback Structure Diagram of DC-DC Switching Converter 
without Static Error 

 

3. Low Gain Pole Configuration Design 

The characteristics of the system transition process caused by the initial condition 

and the reference input directly depend on the poles, so the purpose of the pole 

configuration design is to enable the system transition process to attenuate and 

disappear within an acceptable period. If the system is controllable and all variables 

thereof can be used for feedback, then the full state feedback can be adopted to 

configure the poles of the closed-loops system at any position in S plane. 

Although the controllable control system has extraordinary capability for the pole 

configuration of the closed-loop system, the limitation of the control action of the 

actuator shall be considered during the practical configuration process. Especially, 

in DC-DC switching converter, PWM control signal loaded on the fully-controlled 

switching element is obtained through the comparison between the feedback gain 

and the sawtooth wave, so if the controller has large gain, then the actuator cannot 

completely execute relevant action and the system will become instable due to 

actuator saturation. Since the pole configuration can generate excessive gain and 

make the actuator saturated, thus it is necessary to not only consider whether the 

configured system has excellent transient-state performance, but also consider the 

feasibility thereof. In conclusion, the transient-state performance and the steady-

state performance shall be considered for the pole configuration of the system, and 

the implementation feasibility shall be also considered. 

Therefore, during the pole configuration, we configure the closed-loop pole at the 

expected position near the open loop pole so that the system has relatively low gain 

and the state space control system can be probably realized. In order to measure the 
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amplitude of the gain vector K, we adopt 2-norm for relevant measurement and 

define it as follows: 

2 1 2

2
1

( )
n

i

i

F K


                                                      (4) 

In the above formula, iK is an element of F. 

 

4. Low Gain Pole Configuration for Buck Switching Converter 
 

4.1. Pole Configuration Design for Buck Switching Converter Without Static Error 

The main circuit topology of Buck DC-DC switching converter is as shown in 

Figure 3. As a Buck converter, this converter can convert the input voltage Ui into 

[0~Ui]. Buck converter circuit is a second-order circuit and has two state variables, 

namely inductive current and capacitor voltage. Specifically, the two state variables 

are selected for realizing the full state feedback, wherein the state variable x1 is as 

the inductive current iL, and the state variable x2 is set as the capacitor terminal 

voltage uo. According to the working characteristics of the circuit, the on-state and 

the off-state of the fully controlled component V are respectively corresponding to 

two state equations. Meanwhile, the two equations are weighted and averaged 

according to the proportions thereof when V is respectively in the on-state and in 

the off-state in order to obtain the mean state equation as shown in Formula (3).  

 

Figure 3. Buck DC-DC Switching Converter 
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According to the structure diagram of DC-DC switching converter without static 

error as shown in Figure 2, we can obtain the structure diagram of Buck DC-DC 

switching converter without static error, as shown in Figure 4. 
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Figure 4. State Feedback System Diagram of Buck Switching Converter 
without Static Error 

State space equation (5) of the original system is changed due to the change of 

the structure diagram. According to Figure 4, the state matrixes A and b of Buck 

switching converter at this moment are changed as follows: 
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The matrix composed of A′ and b′ can be controlled and observed, so A′ and b′ 

can be adopted for the full state feedback pole configuration of the system. 

 

4.2. Low Gain Pole Configuration K Design 

The circuit parameters are given according to the full state feedback structure 

diagram of Buck switching converter without static error as shown in Figure 4, and 

the low gain feedback vector is designed according to the given parameters, wherein 

the circuit parameters are as follows: input voltage Ui=20V, filter inductance 

L=1mH, filter capacitance C=10μF, load resistance R=10Ω, duty ratio D=0.5, 

switching frequency fs=150kHz, sawtooth wave Vm=2.4V, designed output voltage 

of the system Uo=10V. According to the above given parameters, we can obtain the 

following calculation results for Buck converter:  inherent closed-loop pole -

5000±8660j; damping ratio δ=0.5, and ts=0.6ms. 

According to Figure 4, three poles shall be configured at this moment, and the 

three poles to be configured are set as follows: 

S1,2=a±bj; S3=na 

Table 1 shows the values of 10 different groups of expected poles and feedback 

vectors of the system, namely feedback vector 2-norm. In order to make the given 

data have comparability, the expected poles S1,2 shall be configured to ensure that 

the expected closed-loop pole a is 0.4 multiples of pole b in each group (namely: 

ensure the same overshoot), and S3 shall be configured to ensure that the transition 

process caused by S3 real pole for each group of data has same attenuation rate. For 

the consideration of the rapidity of the system transition, it is necessary to select 

n=5. 

According to Table 1, when the distance difference between the expected pole 

and the inherent pole of the system is 10 multiples (namely the first group of data 

and the ninth group of data), the feedback vector norm of the first group of data is 

362,500 which is 100 multiples of the configuration result (362.5) of the ninth group 

of data near the inherent pole. According to the result comparison in the table, along 
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with the reduction of the distance between the expected pole configured thereby and 

the inherent pole of the original system, the 2-norm of the feedback vector K is 

sharply reduced. Therefore, during the pole configuration, we shall configure the 

pole near the inherent pole of the system as much as possible in order to 

significantly reduce the feedback vector. Meanwhile, the small feedback vector 

norm indicates the reduction of the actuator saturation caused by the feedback gain, 

namely: the system response is more consistent with the designed index 

requirements.  

Table 1. Calculation of Feedback Vector of Expected Pole and 2-Norm 

Expected Pole Feedback Vector 
Norm (F) 

Pole 1 Pole 2 Pole 3 K1 K2 K3 

-50000+20000j -50000-20000j -250000 12.200 17.000 -262500 362500 

-30000+12000j -30000-12000j -150000 3.9720 10.000 -78300 783000 

-25000+10000j -25000-10000j -125000 2.6125 8.2500 -45312 45313 

-20000+8000j -20000-8000j -100000 1.5320 6. 5000 -23200 23200 

-16000+6400j -16000-6400j -80000 0.8685 5.1000 -11878 11878 

-12000+4800j -12000-4800j -60000 0.3835 3.7000 -5011 5011 

-10000+4000j -10000-4000j -50000 0.2080 3.0000 -2900 2900 

-8000+3200j -8000-3200j -40000 0.0771 2.3000 -1485 1485 

-5000+2000j -5000-2000j -25000 -0.0355 1.2500 -362.5 362.5 

-5000+5000j -5000-5000j -25000 -0.0250 1.2500 -625 625 

 

5. Simulation Verification of Low Gain Pole Configuration 

Buck switching converter is taken as an example for the simulation verification, 

wherein the simulation circuit is as shown in Figure 4. Specifically, the simulation 

circuit parameters are as follows: Ui=20V, L=1mH, C=10μF, R=10Ω, D=0.5, fs=150 

kHz, Vm=2.4V. Uo=10V; the simulation software PSIM6.0 dedicated for the power 

electronic circuit is selected as the simulation software. 

In order to describe the effectiveness and the configuration effect of the low gain 

pole configuration, the transient-state effect and the steady-state effect of PI control 

are compared with those of the pole configuration in this article. Meanwhile, in 

order to verify the anti-interference performance of the low gain pole configuration 

system, the power supply adjustment rate and the load adjustment rate of PI control 

system are also compared with those of the pole configuration system in this article.  

The controller parameters are as follows: PI controller parameters: Kp=0.32, 

Ki=10000; low gain pole controller parameters: the ninth group of expected poles in 

table ---- [-5000+2000j；-5000-2000j；-25000], feedback gain [K1，K2，K3]=[-

0.0355；1.25；362.5]. 

Figure 5 shows the comparison of the transient-state characteristics and the power 

supply adjustment rate control effects of PI control system and the low gain pole 

configuration system during the starting process. According to Figure 5, the low 

gain pole configuration is superior to PI control during the system starting process 

in the aspects of rapidity and overshoot. In order to conveniently compare the power 

adjustment rates of the above two control systems, the voltage disturbance (±6V) is 

applied to the input power voltage at 5ms and at 10ms when the two control systems 

reach steady state. According to the simulation result comparison, the low gain pole 

configuration is obviously superior to PI control in the aspect of power supply 

adjustment rate. 
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(a) Simulation of power supply adjustment rate of common PI control 

 
(b) Simulation of power supply adjustment rate of low gain pole configuration 

Figure 5. Simulation Verification of System Starting and Power Supply 
Adjustment Rate 

Figure 6 shows the comparison of the system load adjustment rate control effects 

of PI control and low gain pole configuration. In order to conveniently compare the 

load adjustment rate effects of the two control systems, when the two systems 

respectively reach the steady state, 15Ω load is connected in parallel to the original 

system load at 5ms (the original load is 10Ω, and the load is reduced as 6Ω at this 

moment), and 15Ω load is removed at 10ms (the load is changed as 10Ω at this 

moment). 

 

 
(a) Simulation of load adjustment rate of common PI control 
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(b) Simulation of load adjustment rate of low gain pole configuration 

Figure 6. Simulation Verification of System Load Adjustment Rate 

According to Figure 6, when the low gain pole configuration and PI control have 

same load change, the low gain pole configuration has short dynamic transition 

process for the output voltage, small voltage drop and small load current change, 

thus to be superior to common PI control. 

In conclusion, according to Figures 5 and 6, the low gain pole configuration is 

superior to traditional PI control in the aspects of system starting process, power 

supply disturbance resistance, load disturbance resistance. Meanwhile, the two 

figures also indicate that the low gain pole configuration is feasible. 

 

6. Conclusion 

The full state pole configuration based on state variables can realize the optional 

pole configuration for the system, and good transient-state effect and steady-state 

effects are obtained in the simulation experiment. However, the pole configuration 

can increase the feedback vector gain and accordingly saturates the controller, so the 

actual pole configuration effect is not ideal. In this article, 2-norm is introduced 

therein to optimize the pole configuration design in order to not only consider the 

transient-state characteristics and the steady-state characteristics of the system, but 

also maximally reduce the system feedback vector K, thus to provide relevant basis 

for realizing the full state feedback system and optimize DC-DC full state feedback 

vector design as well as provide the control parameter optimization basis for high-

performance and high-quality DC-DC switching converter. The research result 

shows that the low gain pole configuration can not only have small feedback vector, 

but also enable the system to have good starting performance, good power supply 

adjustment rate and good load adjustment rate. Moreover, such research result has 

good application prospect in the high-performance control of such nonlinear system 

as power electronic system. 
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