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Abstract- Stability of power converters has become more and more important in hybrid green energy systems because of its 

difficulties to maintain a stable dc-bus. This paper presents dynamic characteristics of a digital integral gain changeable control 

dc-dc converter to realize high stability with suppression of the output capacitance. The integral gain changeable control 

method uses a variable integral gain, which is changed by the value of load current. The stability analysis is conducted by Bode 

diagrams. It is shown that the transient response and stability of the integral gain changeable method are better than the 

conventional fixed integral gain control method even if the output capacitance is smaller than the conventional method. 

Simulation and experimental results show the effectiveness of our concept. 

Keywords dc-dc converter; digital control; integral gain; stability analysis; transient response; output capacitance. 

 

1. Introduction 

Global emissions of carbon dioxide have more than 

doubled compared with 1973 with increasing the power 

consumption, [1]. The hybrid green energy system, which 

consists of solar, wind power and so forth as shown in Fig. 1, 

has been attracted to reduce global emissions of carbon 

dioxide [2]-[4]. Green energy is connected to the dc-bus 

through ac-dc and dc-dc converters. Since green energy 

sources are affected by weather conditions, the power 

generation amount is extremely varied by time. Battery 

energy storage is utilized to regulate the power generation 

amount in a hybrid system. Although this system is effective 

for energy saving, it is difficult to obtain stable dc-bus 

enough [5]-[7]. The dc-dc converter connected to the dc load 

should therefore have wide regulation characteristics to 

address input voltage fluctuations. 

Moreover, a lot of dc-dc converters are connected with 

home electrical appliances and LEDs as the dc-load at home 

in this system [8]. The energy saving mode is expected to 

increase in electronic equipment. A dc-dc converter creates a 

discontinuous conduction mode (DCM) in this mode. An 

output voltage of the dc-dc converter is unusually increased 

in DCM. Also, a large transient response occurs when the 

operation of electronic equipment changes from DCM to the 

continuous conduction mode (CCM). Additionally, dc-dc 
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converters in this field are required downsizing [9], [10]. 

Therefore, control methods for dc-dc converters are required 

a sufficient stability margin with a small output capacitance  
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Figure 1. Schematic diagram of hybrid green energy system. 

 

in the wide range of input voltage and load. 

Some gain tuning methods based on the PID control 

have been already studied to realize high stability [11]-[16]. 

In [16], a simple integral gain changeable control method has 

been presented. The integral gain is desirable to be small 

value to obtain enough stability of system when the inductor 

current is on CCM. On the other hand, the large integral gain 

is necessary for DCM to suppress the increase of the output 

voltage. Minimum required values of the integral gain are 

calculated from an analysis formula of a stabilization range 

of the output voltage based on the I (Integral) control. This 

method can obtain both wide regulation characteristics and a 

quick response by changing the integral gain based on the 

load current value even if the input voltage is changed. [16] 

has reported the design method of integral gain changeable 

function. To verify the further effectiveness of this control in 

the hybrid system, the stability analysis and the circuit design 

including the value of output capacitance should be 

investigated. 

This paper analyses dynamic characteristics of the digital 

integral gain changeable control, and presents its transient 

response. The stability analysis shows that the digital integral 

gain changeable control method has high stability compared 

with the fixed gain control method. Furthermore, this method 

shows a superior transient response with high stability even 

if a smaller output capacitance is used. 

2. Operation Principle of Integral Gain Changeable 

Control 

Isolated dc-dc converters like forward or bridge type are 

usually connected to the dc load in a hybrid system. This 

paper uses a non-isolated buck converter by modelling an 

isolated dc-dc converter. Figure 2 shows the circuit 

configuration of digital control dc-dc converter with the 

existing integral gain changeable control method. Ei is the 

input voltage, eo is the output voltage, iL is the reactor 

current, Io is the load current, Tr is the main switch, D is the 

fly wheel diode, L is the energy storage reactor, C is the 

output capacitor, R is the load and Rs is the sensing resister 

for Io. eo is sent to the pre-amplifier and the A-D converter 
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Figure 2. Digital control buck converter with existing 

integral gain changeable control method. 
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Figure 3. Stabilization range of eo based on I control. 

 

 (ADC). The digital value of output voltage eo[n] is obtained 

as follows: 

  oeADGeoAnoe                             (1) 

where Aeo and GAD are gains of the pre-amplifier and the 

ADC, and n denotes n-th switching period. 

eo[n] is fed into the PID controller. Equation (2) 

represents the PID control calculation value NPID[n]. 
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where NB is the digital bias value to determine the operation 

point of buck converter, NR is the digital value of desired 

output voltage. Also, KP, KI and KD are proportional, 

integral and derivative coefficients. 

The on-time Ton is obtained from NPID[n] in the digital 

pulse width modulation (DPWM). The relationship between 

Ton and NPID[n] is derived as follows: 

 

TsN

nPIDN

sT

onT
                               (3) 

where NTs is the numerical digital value corresponding to the 

switching period Ts. 

The existing method changes KI to obtain high stability 

in a wide operation range. A small value of KI is desirable in 

CCM to keep an enough stability margin, while a large value 

of KI is necessary to remove the steady-state error of eo in 

DCM. KI changeable function in Fig. 2 therefore calculates 

KI by using the value of Io in every switching period. 

According to [16], the minimum required value of KI for the 

buck converter is calculated by the analysis of the 

stabilization range of eo based on I control as shown in Fig. 3. 

Ic is the critical current. When NPID is less than NB in the 

steady-state, the analysis formula in CCM is represented as 

follows: 
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where Q is a bit number of the I control part, Eo
* is the 

desired output voltage and r is the internal loss of buck 

converter. 

When Eqs. (4) and (5) are used for calculation of KI, KI 

changeable function becomes complex because the 

calculation part has to be switched between CCM and DCM. 

Furthermore, the minimum required value of KI is 

determined by Ei and Io. It is necessary for the detection of 

Ei to add an ADC and a sensing circuit in the existing 

method. Therefore, KI changeable function is implemented 

by a single logarithm function to realize a simple calculation 

as follows: 

    oIIK ln                              (6) 

where  and  are constant values. Since the detail design of 

KI changeable function has been already discussed in [16], it 

is not reviewed again here. 

3. Circuit Configuration and Transfer Function 

Figure 4 shows the continuous averaged model of buck 

converter. The transfer function is represented by Fig. 5 

using small variations eo, ei, R and Ton [17]. G(s)  

L
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r
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Figure 4. Continuous averaged model of buck converter. 
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Figure 5. Block diagram of transfer function in buck 

converter. 
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Figure 6. Block diagram of transfer function in PID 

controller. 

 

is the transfer function of buck converter and represented by 

a second order output filter as follows: 
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where s is the Laplace operator. 
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Figure 5 illustrates the block diagram of transfer function 

in the PID controller. The duty ratio Ton/Ts is determined by 

NPID. When eo is infinitesimally changed, NPID and Ton 

are also changed. Thereby, Eq. (8) is derived by taking 

account ofTon andeo in Eqs. (2) and (3) as follows: 

+
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Figure 7. Block diagram of transfer function in digital 

control buck converter. 

 

 
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sT

sonTΔ
                          (8) 

where H(s) is the transfer function of PID controller and 

expressed as follows: 

 
 
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where 1 is the delay time of digital controller which is 

normally one switching period, and 2 is the time constant of 

the anti-aliasing filter for eo. Also, HP, HI, and HD are 

proportional, integral and derivative gains, and represented 

by Eqs. (10) through (12). 
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Equation (14) is derived by substituting (13) into (9). 
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From Figs. 5 and 6, the block diagram of the transfer 

function in the  buck converter digital control buck converter 

is obtained as Fig. 7. The stability of the system is verified 

by the open loop transfer function T(s) between eo(s) and 

Ton(s). T(s) is represented as follows: 

     sHsGiEsT  .                         (15) 

 

4. Evaluation of Dynamic Characteristics 

4.1. Stability Analysis 

The stability analysis of the gain changeable control is 

verified by using the digital control buck converter, in which 

parameters are Ei = 16-24 V (±20% of 20 V), Eo
* = 5 V, 

Ts = 1 = 10 s, L = 183 H,2 = 8.2 s and NTs = 2000. 

The rated load current is 1 A. Ic = 0.1 A, r = 0.42 , 

Rs = 0.05 , Aeo = 0.25, GAD = 400, HP is 0.05 V-1 and 

HD is 0.5 s∙V-1. According to [16], KI changeable function 

is obtained as in Fig. 8 and represented by Eq. (16) when NB 

is equal to 676. 

  0080ln0020 .oI.IK  .                     (16) 

KI becomes small in CCM and becomes large in DCM 

from Fig. 8 and Eq. (16). On the other hand, KI is set to 

0.022 to obtain wide regulation characteristics against Ei and 

Io variations in the conventional gain fixed method. HI is 

110 s-1·V-1 in the conventional method. 
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Figure 8. KI changeable function. 
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Figure 9. Bode diagrams of T(s) when Ei is 20 V and C is 

500 F. (a) Conventional method. (b) Gain changeable 

method. 
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Figure 10. Bode diagrams of T(s) when Ei is 20 V and C is 

250 F. (a) Conventional method. (b) Gain changeable 

method. 
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Figure 11. Summary of fm. 

 

At first, Bode diagrams of T(s) in the integral gain 

changeable and conventional methods are investigated by 

using MATLAB. R is 5 in Bode diagrams. Figure 9 shows 

Bode diagrams when Ei is 20 V and C is 500 F. The blue 

line shows the conventional method and the green line shows 

the gain changeable method. Frequency characteristics are 

shown from 1 Hz to 19.4 kHz, which is the cut off frequency 

of anti-aliasing filter. Since R is 5 and Eo
* is 5 V, Io is 1 A. 

When Io is 1 A, KI is 0.008 and HI is 40 s-1·V-1 in the 

integral gain changeable control method. As shown in Fig. 9, 

the phase margin fm is 35 degree in the conventional method 

and 59 degree in the gain changeable method. fm is 

improved by the gain changeable method because HI is 

smaller than the conventional method. 

Figure 10 shows Bode diagrams when Ei is 20 V and C 

is changed to 250 F. In this case, fm is 32 degree in the 

conventional method and 47 degree in the gain changeable 

method. It is confirmed that the gain changeable method has 

higher stability compared with the conventional method in 

spite of using a smaller value of C. 

Figure 11 shows the summary of fm when Ei and C are 

changed. The gain changeable method has a superior stability 

to the conventional method in the wide range of Ei. It is also 

shown that C can be suppressed by 50%. Additionally, the 

gain changeable method can quickly change KI by detection 

of Io in the load step change. Therefore, both a quick 

response and high stability are obtained with a small value of 

C. 

4.2. Transient Response Based on Experimental Results 

Simulation results are obtained by a circuit simulator 

PSIM using the circuit model in Section 3. In the 

experimental circuit, the integral gain changeable control is 

performed by a DSP TMS320C6713-225. The DPWM is 

implemented by a XILINX Virtex-5 FPGA. As evaluation 

parameters, tcv is the time that eo converges within 1% from 

Eo
*. eo_under and iL_over are the undershoot of eo and 

the overshoot of iL. 

Figure 12 shows the transient response of the 

conventional method when Ei is 20V, C is 530 F and the 

load step change is from 0.05 A to 1 A. HP is 0.05 V-1, HI is 

110 s-1·V-1 and HD is 0.5 s·V-1. It is found that the 

and the experimental results are well matched. The 

experimental result shows that tcv is 5.1 ms, eo_under and 

iL_over are 840 mV and 960 mA.  

Figure 13 shows the transient response of the gain 

changeable method when Ei is 20 V, C is 240 F and a load 

step change is from 0.05 A to 1 A. HP and HD are the same 

values with the conventional method. As shown in Fig. 13, 

KI is 0.014 when Io is 0.05A. After a load step change to 1 A, 

KI is instantaneously changed to 0.008. Thus, HI is shifted 

from 70 s-1·V-1 to 40 s-1·V-1 in the transient response. As 

mentioned above, high stability is realized by decreasing HI 

in the CCM. tcv is 3.4 ms, eo_under is 620 mV and 
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iL_over is 620 mA in this case. As a result, the gain 

changeable method using a smaller output capacitance shows 

that tcv, eo_under and iL_over are suppressed by 33%, 

26%, and 35%, respectively compared with the conventional 

method in Fig. 12. 

The summary of transient response in experimental 

results is shown in Fig, 14. eo_under and iL_over are 

improved by the gain changeable method in a wide range of 

Ei. When Ei is 16V, tcv is longer than the conventional 

method. Since fm is increased by decreasing Ei, very high 

stability is obtained. The response speed is impaired in this 

situation. The gain changeable method using 240 F has 

better transient response compared with the conventional 

method using 530 F capacitance. It is verified that the gain 

changeable method can suppress the output capacitance with 

the quick response and keeping high stability. 

 

 

 

 

 

 

(a) Simulation result. 

 

(b) Experimental result. 

 Figure 12. Transient response of conventional method in 

step change of Io from 0.05A to 1A when C is 530 F. 
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5. Conclusion 

Dynamic characteristics of the integral gain changeable 

digital control dc-dc converter are presented in this paper. It 

Figure 14. Summary of transient response in experimental 

results. 
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 Figure 13. Transient response of integral gain changeable 

method in step change of Io from 0.05A to 1A when C is 

240 F. 
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is concluded from the stability analysis by Bode diagrams, 

the integral gain changeable control method has high stability 

with a smaller output capacitance compared with the 

conventional method in the wide range of input voltage. 

Moreover, it is revealed that a superior transient response is 

obtained by the integral gain changeable method even if a 

small output capacitance is used. Therefore, this method can 

contribute to stability improvement and miniaturization of 

dc-dc converters. In near future, we will apply the integral 

gain changeable control method to the forward type or bridge 

type converter to offer a practical design. 
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