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 This paper recounts the design and construction of various controlling 
techniques for buck converter. If the designed controller for any converter is 
not proper which leads to high overshoot and steady state error, and its 
dynamic response varies with changes in load, especially at high load current 
conditions. The lead-lag controller for the converter is desgined using 
classical control theory ,Bode Plot technique is used to examine the stability 
of the system.By using deravetive part of the PID controller on output signal 
instead of voltage error signal,this combination of control technique reduces 
the overshoot and settling time,and how the transient response will be 
affected if deravetive controller is in the forward path. 
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1. INTRODUCTION  

Getting good transient response for the low and high frequency converters has been the main aim of 
the converter designers, because if there is a sudden increase in load current, the increased current need to be 
sourced by output capacitor, if the system response is low the system cannot respond quick enough to 
increase output supply current. This causes a sharp dip in the output voltage. The slowness of the system 
causes the voltage to take a long time to recover from the dip, increase the current to level of demand, and 
build back voltage to its specified level, this cause insufficient power supply to the some of the blocks in  
the system. 

Different controlling techniques can be used to increase the Satatic and dynamic performance such 
as adpative control (current balancing on/off controll) [1],Linear quadratic-Gaussian and lead compensator 
[2],fractional order control [3],PID control [4], Particle swarm optimization-based PID controller [5], neural 
network [6].While designing a controller the designer should be more careful on placing the Zeros and Poles 
of the lead-lag controller to get good transient response [7]. Peak overshoot and rise time can be decreased by 
increasing the gain of the system at higher frequencies [8]. Steady state error can be improved by incraesing 
the gain of the system at lower frequencies, Lag compensator can be used to increase the gain of the system 
at lower frequencies. With the use of lead-lag values PID controller is designed, and that PID controller is 
configured into different configuration, by placing the derivative of the PID controller out of the forward path 
will prevent the impulses as a part of the control signal [9]. This paper tells How the transient response will 
be affected for the different configuration of the PID. Most of the above techniques are PID or modified  
PID type [11]. 

This paper gives different methods for constructing a PID controller on the basis of classical theory 
of control system using Bode plot technique. And also gives how the controller path will affect the system 
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response. Care should be taken while designing a feedback path. How proportional, integral, derivative in the 
feedback path will affect the system response. Different configuration of control paths is compared. 

This paper is structured as follows: started with (section 2) small signal modelling of the converter, 
(section 3) detailed design procedure for a design of lead-lag controller using Bode plot technique. (Section 
4) Simulation results using MATLAB. (Section 5) Conclusion. 

 
 

2. METHOD 
Buck converter is step down chopper, it steps down the voltage from its input to output. It is a group 

of switched mode supply, mainly it consists of two semiconductor and one energy storage element, storage 
element may be a capacitor or inductor or the combination. Operation of the buck converter is current 
through the inductor to be controlled, this is done by using two switches. Main advantage of using Switch 
and diode is voltage drop will be zero during on condition and current flow will be zero during off, hence 
power loss during on and off condition will be zero, hence efficiency of the system will increase. Buck 
converters are used where the DC out put voltage needs to be lower than the dc input. During this process if 
there is increase in step current, the entire current increase will need to be sourced by output capacitor, if the 
system response is slow then system cant respond quickly enough to increase output supply current (due to 
poor transient response). this causes sharp dip in the output voltage, slowness of the system causes the 
voltage to take a long time to recover from the dip [10], [11]. 

 
2.1.  Buck converter design 

Converters will work in two modes 
a. Continuous conduction  
b. Discontinuous conduction 

Continuous conduction mode is more advantageous then discontinuous conduction. Discontinuous 
mode is having disadvantage of high ripple at output voltage, high ripple current in the semiconductors, and 
high flux density in the inductor. Figure 1 shows the block diagram of the buck converter having a feedback 
loop. The converter mainly consists of a switch, diode and LC low-pass filter with nonlinearities such as 
inductor resistance, RL, and capacitor resistance, RC, are connected in series to the inductor and capacitor. 
Capacitor resistance Rc introduces a zero frequency in the transfer function. Table 1 shows buck  
converter specifications. 

 
 

 
 

Figure 1. Closed loop buck converter 
 
 

Large Signal modal: 
Switch on 

 

𝑉௅ ൌ 𝑉௚ െ 𝐼௅𝑅௅ െ 𝑉        (1) 
 

IC=ILെV/R         (2) 
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Switch off 
 

𝑉௅ ൌ െሺ𝐼௅𝑅௅ ൅ 𝑉ሻ        (3) 
 
IC=ILെV/R         (4) 
 
௏

௏೒
ൌ ோ஽

ோಽିோ
         (5) 

 

Small signal modal: 
Switch on 

 

L ௗሺூା௜ಽሻ

ௗ௧
ൌ ሺሺ𝑉௚ ൅ 𝑣ො௚ሻ െ ሺ𝐼௅ ൅ 𝚤̂௅ሻ𝑅௅ െ ሺ𝑉 ൅ 𝑣ොሻሻሺ𝐷 ൅ 𝑑መ𝑡ሻ+  

(-ሺ𝐼௅ ൅ 𝚤̂௅ሻR-(𝑉 ൅ 𝑣ොሻ+(D|-𝑑መ𝑡)       (6) 
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ൌ 𝑉௚𝑑መ𝑡 ൅ 𝑣ො௚𝐷 െ 𝚤̂௅𝑅௅ െ 𝑣ොሺ𝑡ሻ      (7) 

 
Switch Off 

 

C ௗሺ௏ା௩ොሻ
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=൫𝐼 ൅ 𝚤̂ሺ𝑡ሻ൯ െ ሺ𝑉 ൅ 𝑣ො)/R) (𝐷 ൅ 𝑑መ𝑡) + ൫𝐼 ൅ 𝚤̂ሺ𝑡ሻ൯ െ ሺ𝑉 ൅ 𝑣ො)/R) (D| ൅ 𝑑መ𝑡)  (8) 

 

C
ௗሺ௏ା௩ොሻ

ௗ௧
=𝚤̂ሺ𝑡ሻ െ 𝑣ሺ𝑡ሻ/𝑅        (9) 

 
Buck converter output to control function is: 
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Table 1. Buck converter specifications 
Parameter Symbol Value 

Load R 4.4 Ω 
Sensor Gain H(s) 1 

Sampling Period Ts 1 μs 
Switching Frequency Fs 1 MHz 

Reference Voltage Vref 2V 
Input Voltage Vin 3.6V 

Output Voltage Vout 2v 
Filter Capacitor C 4.6 μF 
Filter Inductor L 4.6 μH 

Resistance of Inductor RL 504 mΩ 

Resistance of Capacitor RC 
5 m

Ω
 
 

2.2.  Controller design 
Figure 2 represents the bode plot of the open loop system before the compensation, Gm=inf, 

Pm=25.8˚(70.8kHz), both gain margin and phase margin are positive, system is stable. The pole causes a 
phase margin of 25.8˚ at a gaincross over frequency of 70. 8kHz.It has less phase margin it should be 
improved to improve the transient response of the system. A compensator should be designed to get the 
higher gain at lower frequencies to improve the steady state response and higher gain at higher frequencies to 
improve the transient response and gain at the switching frequency should be unity for stable system. Phase 
margin should be in the range of 50° to 60° to meet the required transient response of the system. 

 

Open loop Transfer Function ሺTFሻ ൌ ଻.଺଴଺ୣି଴଼ ୱ ା ଷ.ଶଷ଻

ଵ.ଽ଼଼ୣିଵଵ ୱ^ଶ ା ଷ.଴ଽ଻ୣି଴଺ ୱ ା ଵ
   (11) 

 
Bode diagram of Buck converter. 
Gm=Gain margin 
Pm=phase margin 
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Figure 2. Bode plot of the buck converter before compensation 
 
 

2.3. Step response of the uncompensated system 
Peak overshoot=57.6, rise time=2.56𝑒ି଴଺,Settling time=4.96𝑒ି଴ହ,ess=0.764. 

In Figure 3 high Overshoot indicates an output exceeding its final steady-state value, which leads 
high distortion into the signal, distrotion will affect the damping, settling time, and rise time. 

 
 

 
 

Figure 3. Step response of the system before compensation 
 
 

Procedure for a lead-lag controller using Bode plot technique. 
a. PID controller is designed using bode plot technique, based on lead-lag network. While designing pid 

controller pd should be designed first then pi should design otherwise pd will affect the steady state 
error. 

b. Selection of zero in the compensator design causes the compensator to differentiate the error signal and 
it will increase the compensator gain at higher frequencies with a slop of 20dB.In practical systems gain 
will tend to zero at higher frequencies hence compensator should containehigh frequency poles. High 
frequency pole will attenuate the noise at the higher frequencies. If the gain of the system is high at 
switching frequency, then compensator will amplify the switching harmonics. With the increase in 
harmonics, loses in the system will increases, hence compensator should contain pole at a frequency 
less then the switching frequency. 
 

Lead compensator =𝐺𝑐𝑜
ቀଵା

ೄ
ೈ೥ቁ

ቀଵା
ೄ

ೈ೛ቁ
       (12) 
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f୮ ൌ fୡ ∗ ට
ଵାୱ୧୬∅ౣ

ଵିୱ୧୬∅ౣ
        (13) 

 
𝑊௣=Frequency at which lead compensator pole is placed. 

 
𝑊௣ ൌ 2𝜋𝑓௣         (14) 
 

𝑓௭ ൌ 𝑓௖ ∗ ට
ଵି௦௜௡∅೘

ଵା௦௜௡∅೘
        (15) 

 
𝑊௭=Frequency at which lead compensator zero is placed. 
 

𝑊௭ ൌ 2𝜋𝑓௭         (16) 
 
Frequency at which maximum phase occurs is -fmax= (fz*fp)    (17) 
 
If fmax is same as the loop gain cross over frequency fc, then there will be improvement in phase 

margin is high. To avoide changing in cross overfrequency, to improve the transient response compensator 
gain should be unity at the loop gain cross over frequency. The lead Compensator will decrease the rise time 
and setlling time. Since phase margin (∅௠ሻ will affect the transient response, hence phase margin will be 
calculated based on the transient requirement. Peak overshoot and rise time will depend on the value of Q 
(Quality factor). 

 

∅௠ ൌ ටଵାඥଵାସொమ

ଶொమ          (18) 

 
Always for good transient response Q=1, phase margin is inversely related to the Q, as Q value is 

low phase margin will increase. Loop gain Gco is added to get the unity gain at the switching frequency. 
Figure 4 represents the transient response of the system after the Lead Compensation %Mp=27.3, 
tr=1.96𝑒ି଺,ess=0.764. 

 
 

  
Figure 4. Step response of the system after lead 

compensation 
Figure 5. Bode of lead compensator 

 
 

 
Bode plot of the designed lead compensator in Figure 5 having a phase compensation of 126degree 

at 81.3kHz. 2. Lag compensator is used to improve the gain at lower frequency, hence output is  
regulated at dc. 

 

Gc = Gcoቀ1 ൅ ௐ௟

ௌ
ቁ        (19) 
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This compensator will increase the dc loop gain, if the dc loop gain is very large, this causes the 
error of the dc component to zero, due to this steady state error can be regulated, and the disturbance-to-o/p 
transfer function approach zero at dc. Figure 6 shows simulink modal of the system with PID conntroller. 
Figure 7 shows bode of PID compensator. Figure 8 shows step response of the system after PID 
compensation. Figure 9 shows simulink modal of the system with PID compensator having PD out of 
forward path. 

 
 

 
 

Figure 6. Simulink modal of the system with PID conntroller 
 
 

  
Figure 7. Bode of PID compensator 

 
Figure 8. Step response of the system after  

PID compensation 
 
 

%Mp=11.5,tr=9.98𝑒ି଻,ess=1      
 
If the PD controller in the forward path. when the reference input is step, which increase the 

overshoot, in improved PID controller derivative is out of the forward path which will decrease the overshot 
and rise time. 

 
 

 
 

Figure 9. Simulink modal of the system with PID compensator having PD out of forward path 
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Classical PID controller: 
 

𝐺௉ூ஽ሺ𝑠ሻ ൌ
൫௄೛ఛ೏ା௄೏൯ௌమା൫௄೛ାఛ೏௄೔൯ௌା௄೔

ఛ೏ௌమାௌ
      (20) 

 
Where 𝜏ௗ and 𝜏௜are the integral and derivative times respectively, where𝐾௣,𝐾ௗ, and 𝐾௜ are the 

prapotional, derivative and integral constants, respectively. Designed lead-lag compensator: 
 

𝐺௖ሺ𝑠ሻ ൌ
ቀ

ೈ೥శೄ
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ቁቀ
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ೄ ቁ

൬
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൰

        (21) 

 
Comparing the (20) and (21)  
Designed values of the compensator: 
𝐾௣ ൌ 4.1033 
𝐾ௗ ൌ 6.42045 ∗ 10ି଺ 
 𝐾௜=397.386 and 
 𝜏ௗ ൌ 2.6626 ∗ 10ି଻ 

 
2.4. Different configuration of the system 
Configuration 1: Figure 10 representing a MATLAB Simulink model of PID controlled buck converter. 
Transient response of the system after the PID compensation is %Mp=11.5, 
ts=1.43*10ିହ,tr=9.9*10ି଺,ess=1.PID controller is added in the forward path to improve the transient and 
steady state error. PD is designed to improve the phase margin a zero is added to the loop gain at a frequency 
less than the switching frequency. PI and PD will increase the gain at lower and higher frequency 
respectively. Peak overshoot and rise time of the system is improved compared to the uncompensated system. 

 
 

 
 

Figure 10. MATLAB simulink model of PID controlled buck converter 
 
 

Configuration 2: Figure 11 represents the MATLAB Simulink model of PID –DOO Step response of the 
system after PID-DOO compensation is %Mp=6.67,ts=1.07*10ିହ,tr=1.93*10ି଺,ess=1.In PID-DOO 
configuration controller used is PID, But the connection of the PID is different, D is not added in the forward 
path, Because D in the forward path will affect the error signal. In in this configuration derivative action is 
only on the output signal.it will prevent the derivative part of the step input. Derivative of the input signal 
will increase the damping in the system which leads to increase in the peak overshoot and rise time. 

 
 

 
 

Figure 11. MATLAB simulink modal for PID-DOO controlled buck converter 
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Configuration 3: Figure 12 shows the MATLAB Simulink model of the converter having PI in the forward 
path and PD after the impulse response. Step response of the system is 
%Mp=51%,ts=1.07*10ିହ,tr=1.93*10ି଺,ess=1 
In this configuration PI is placed in the forward path whereas PD is placed after the PI compensation along 
with the D will increase the gain of the at higher frequencies, and also PD will reduce the effect of the PI, 
Hence gain at lower frequencies will reduce leads to high damping. Hence peak over-shoot increase to higher 
value, this configuration is not suitable for the industrial applications. 

 
 

 
 

Figure 12. MATLAB simulink modal for PID controlled buck converter PI in forward path and  
D after the impluse response 

 
 

Configuration 4: Figure 13 representing a MATLAB Simulink model of the converter with PD in the 
forward path and PI is placed after the impulse response of the system. Transient response of the converter is  
%Mp=inf,ts=5.27*10ି଺,tr=0,ess=0.In this configuration derivative is placed in forward path, it will 
differentiate the error signal, hence compensator effect on the error signal will be less. Gain at the higher 
frequencies is very less, which leads to high peak overshoot and rise time is zero. Peak overshoot is almost 
infinity this type of configuration cannot be used for any applications.  

 
 

 
 

Figure 13. MATLAB simulink modal for PID controlled buck converter D in forward path and  
PI after the impluse response 

 
 

Configuration 5: MATLAB Simulink model of the converter with D in forward path and P is placed after 
the impulse response of the system is shown in Figure 14,and transient response of the simulates MATLAB 
Simulink model is shown in Figure 15 with Mp%=6.67,𝑡௦ ൌ 1.07 ∗ 10ି଺,𝑡௥ ൌ 1.92 ∗ 10ି଺,𝑒௦௦ ൌ 0.D is 
placed in the forward path, which leads to reduction in peak overshoot and rise time is zero. Proportional 
controller increases the dc gain. 

 
 

 
 

Figure 14. MATLAB simulink modal for PID controlled buck converter D in forward path and  
P after the impluse response 
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Figure 15. Step response of the system after PID compensation with PD out of forward path 
 
 

While designing the compensator transient response of the system will be depend on the selection of 
the closed loop pole, pole is selected based on the transient specification requirement. 

 
 

3. RESULT ANALYSIS 
Comparing all the configurations shows that Configuration 2 is better for industrial applications. For 

any application, the peak overshoot should be within the limit. If it exceeds the limit value, disturbances in 
the system will increase leading to large settling time. 

 
 
4. CONCLUSION  

This paper systematically describes the design procedure for different controlling techniques based 
on bode plot. The derived PID controller shows the batter transient response compared to the uncompensated 
system, and how the derivative in the feedback loop will affect the transient response. Derivative in the 
feedback loop will introduce the impulse to the system which leads to the higher overshoot and rise time. 
Configuration 4 and 5 will shows the effect of the derivative in the forward path. 

Comparing all the configurations, configuration two is better for the industrial applications. For any 
applications peak overshoot should be within the limit, if it exceeds the limit value disturbances in the system 
will increase, which leads to large settling time. 
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