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 This paper proposes a control method for new simplified cascade multiphase 

direct current-direct current (DC-DC) buck power converters used for low-

voltage large-current applications such as cathodic protection. To control the 

proposed converter, a proportional-integral (PI) controller is used to regulate 

the output current of the converter. The control scheme analysis is carried out 

by linearizing the small-signal model of the proposed converter to form the 

output current transfer functions. This transfer function will be analyzed by 

using phase and gain margin approach to obtain the control parameters (Kp, 

Ki, and Ti). Simulation and experiment results are included to show the 

validity of the proposed concept. 
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1. INTRODUCTION 

Corrosion is one of the destructive phenomena or deterioration of the quality on both metallic or 

non-metallic materials due to the interaction between the materials with the surrounding environment [1]. 

This corrosion process usually occurs to materials that buried in the ground, such as pipe line for oil and gas 

industry. There are many ways to overcome the corrosion of metal, cathodic protection is one of them. 

Cathodic protection is divided into two methods, sacrificial anode method and impressed current method [2].  

This study, the discussion is focus on the impressed current method. This method injects direct 

current which is derived from a single-phase alternating current (AC) source through a full bridge diode 

rectifier and a step-down DC-DC converter. The negative output pole of the DC-DC converter will be 

connected to the metal underground, which functions as a cathode, and the positive pole will be connected to 

a metal consisting of a certain material that will be functioned as an anode. Later, the anode metal will supply 

the impressed current from the DC power supply to the cathode [3]. The step-down DC-DC converter for this 

purpose must have a very low voltage-ration and large current with very low output current ripple [4], [5]. In 

order to meet those requirements, a new simplified cascaded multiphase topology which has high voltage 

reduction ratio and large output currents with low ripple is proposed in Part I [6]. It should be noted that this 

converter is the dual of the converter that has been proposed in [7].  

https://creativecommons.org/licenses/by-sa/4.0/
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Apart from specifications, the important part in DC-DC converters is how to design the controller by 

defining a dynamic model of the system [8]. There are many different modeling techniques namely small 

signal and large signal modeling techniques that have been proposed to describe the dynamics of a buck 

converter. From this technique, the state-space average is the most acceptable way to obtain the small signal 

transfer function of the DC-DC converters [8]-[13]. 

For physical implementation, a suitable controller must be used to obtain stable-controlled DC-DC 

power converters to supply the current needed for the load with low sensitivity against various disturbances. 

This is also what the proposed topology requires, namely a simple and reliable controller even though the 

system is non-linear. There are several non-linear and linear control techniques that have been discussed in 

the literature to ensure that the buck converters can work properly when various disturbances are given [14]-

[17]. The nonlinear control techniques such as H-∞ and sliding mode control are successful in controlling the 

buck converter, but electromagnetic interference (EMI) and mathematical complexities are become the other 

issues of those techniques [18]. Other nonlinear control techniques such as fuzzy and one-cycle control also 

have limitations, namely the fuzzy method is considered unable to provide better small signal response than 

standard regulators and one cycle control is considered capable of causing large harmonic current distortion 

[19]-[21]. In the other hand, linear control techniques such as PI/proportional-integral-derivative (PID) are 

controllers that are considered quite simple, easy to implement, and suitable for achieving system performance 

and stability. This is evidenced by the many applications in the industry that use this controller [22]-[24]. 

This paper proposes a control method for a new simplified cascade multiphase DC-DC buck 

converter that designed for low voltage large current application such as cathodic protection, which uses 

single loop proportional-integral (PI) to control the output current of the converter. The control scheme 

analysis is carried out by linearizing the small-signal model of the proposed converter to form the output 

current transfer functions. Simulation and experiment results are included to prove the performance of the 

control system against the various disturbances that are given. 

The paper is organized is being as. In section 2, the dynamic modeling of a new simple cascade 

multiphase DC-DC buck power converter is derived. Section 3 will discuss current controller design for the 

proposed topology. Then, section 4 and section 5, respectively present the simulation and experimental 

results to validate the performance of the proposed controller. Finally, conclusions are offered in section 6. 

 

 

2. DYNAMIC MODELING OF NEW SIMPLIFIED CASCADE MULTIPHASE DC-DC BUCK 

POWER CONVERTER 

According to the optimization that has been done in Part I, it can be shown that the topology as 

shown in Figure 1 is the optimal one. This is a simplified two-stage four-phase DC-DC buck converter. The 

basic principle of this converter can be explained as the following. 

If one of the switches is ON (for example is S1), the other switches are in the OFF state and the DON 

diode and all secondary diodes except DSEC1 will be forward biased, while the other diodes will be reverse 

biased. From this mechanism, current will flow in two directions: from DC source Ed to the primary inductor 

LP and from diode DON to capacitor C. Then, both currents will add up and charge inductor LS1, before 

reaching the load and the other secondary inductors will discharge its current to the load. And the second 

mechanism is when all of the switches are OFF, where all diodes DOFF and secondary diodes will be forward 

biased and diodes DON will be reverse biased. From this mechanism, the load will only receive discharged 

currents from the secondary inductors. Those two mechanisms also apply alternately to other switches. As 

the output side is a four-phase buck converter, the output current capability is large and the ripple content 

will be very low. Under continuous conduction mode, the average output voltage ratio is shown in (1), where 

Vo and Ed are the output and input voltages of the converter, respectively. 

 
𝑉𝑜
𝐸𝑑

= 4𝛼2 
(1) 

 

 

with 

 

𝛼 =
𝑇𝑂𝑁

𝑇𝑆

 (2) 

 

is the duty cycle of switching devices with a maximum value of 0.25, TON is the ON-time of transistors and 

TS is the switching period of the transistor.  
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In (1) shows that a very low output voltage can be obtained without using a very low duty cycle. For 

two-stage converter, it can be seen that the output voltage is proportional to the square of duty cycle. The 

output current is controlled by using a current controller as shown in Figure 1.  

 

 

 
 

Figure 1. New simplified two-stages four-phase converter with current controller 

 

 

To design the closed loop system, we should model the system in Figure 1 into the small-signal 

model. The first step is state space averaging process. Under continuous conduction mode, we can determine 

the state-space equation of converter when a transistor in four-phase buck converter receives an ON signal 

and state-space equation when all transistors receive OFF signals. The state space equation for those two 

conditions is written in (3) and (4). 

 

𝑋
•

= 𝐴𝑜𝑛 𝑋 + 𝐵𝑜𝑛 𝑌 (3) 

 

𝑋
•

= 𝐴𝑜𝑓𝑓  𝑋 + 𝐵𝑜𝑓𝑓  𝑌 (4) 

 

Where 

X = state space variables (primary inductor current (ILP), output current (Io) and capacitor voltage (Vc), 

Y = input variable (input voltage (Ed)), 

Aon and Bon = state space matrix while switches are ON, and 

Aoff and Boff = state space matrix while switches are OFF. 

Based on (3) and (4), we can determine the average state-space in one switching period. Based on 

the converter in Figure 1, where R represents the load of the converter. It can be shown that the following 

state-space equation can be obtained. 
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As a function of duty cycle α the above state space equation is nonlinear. To linearize the system, it is 

assumed that the duty cycle of transistor can be written as. 

 

𝛼 = 𝛼̄ + 𝛼̃ (6) 
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where bar and tilde over the variables represent the average and the small-signal quantities. Substituting (6) 

into (5) and takes the small-signal parts then the following small-signal equation can be obtained: 
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where 

 
1

𝐿𝑇

=
1

𝐿𝑆1

+
1

𝐿𝑆2

+
1

𝐿𝑆3

+
1

𝐿𝑆4

 (8) 

 

Based on (7), the open loop transfer function of output current as a function of duty cycle can be obtained as 

shown in.  

 

𝐼
~

𝑜(𝑠)

𝛼
~
(𝑠)

=
𝐿𝑃𝐶𝑉𝐶𝑠

2 − 𝐿𝑃𝐼𝑜𝛼
_
𝑠 + 4𝛼

_
𝐸𝑑 + 𝑉𝐶

𝐿𝑃𝐿𝑇𝐶𝑠3 + 𝐿𝑃𝐶𝑅𝑠2 + (𝐿𝑇 + 𝐿𝑃𝛼
_
2)𝑠 + 1

 (9) 

 

If we plot (9) with the certain values to frequency response curve, we will obtain the phase margin (PM) and 

𝟂c of the system without controller. These values will be used to calculate the control parameters. 

 

 

3. CURRENT CONTROLLER DESIGN 

In this research, a conventional proportional-integral (PI) controller is used to regulate the output 

current of the converter. The block diagram of the system under PI current controller is represented in  

Figure 2. The sensor gain, H(s) is equal to unity if the sensor is ideal. The transfer function of the PI 

controller is defined by (10), where 𝐾p and 𝐾𝑖 are the proportional and integrator gains, respectively. 

 

𝐾𝑝 +
𝐾𝑖

𝑠
=

𝐾𝑝 (𝑠 +
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𝐾𝑝
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𝑠
 

(10) 

 

Therefore, the relation between output current to the reference output current using a PI controller can be 

represented by (11). 

 

𝐼
~

𝑜

𝐼
~

𝑜 − 𝑟𝑒𝑓
=

(
𝐾𝑝 (𝑠 +

𝐾𝑖

𝐾𝑝
) (𝐿𝑃𝐶𝑉𝐶𝑠

2 − 𝐿𝑃𝐼𝑜𝛼
_
𝑠 + 4𝛼

_
𝐸𝑑 + 𝑉𝐶)

𝑠(𝐿𝑃𝐿𝑇𝐶𝑠3 + 𝐿𝑃𝐶𝑅𝑠2 + (𝐿𝑇 + 𝐿𝑃𝛼
_
2)𝑠 + 1)

)

1 + (
𝐾𝑝 (𝑠 +

𝐾𝑖

𝐾𝑝
) (𝐿𝑃𝐶𝑉𝐶𝑠2 − 𝐿𝑃𝐼𝑜𝛼

_
𝑠 + 4𝛼

_
𝐸𝑑 + 𝑉𝐶)

𝑠(𝐿𝑃𝐿𝑇𝐶𝑠3 + 𝐿𝑃𝐶𝑅𝑠2 + (𝐿𝑇 + 𝐿𝑃𝛼
_
2)𝑠 + 1)

)

 (11) 

 

 

 
 

Figure 2. Block diagram of the system 
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For determining the current control parameters, Kp and Ki, we can use a commonly procedure by 

using a frequency response curve analysis to determine the crossover frequency of the system which is able 

to increase the gain at low frequencies while maintaining a positive PM [25]-[28]. In this study, system 

parameters as shown in Table 1 are used, where the values of components such as inductors and capacitors 

are obtained based on calculations to achieve continuous conduction mode (CCM). These parameters are the 

ones used in Part I of this paper. By substituting (11) with the parameters in Table 1 and adjusting it to the 

gain and phase margin requirements, the followings PI parameters are obtained as shown in Table 2. Then, if 

we substitute (12) with the parameters in Tables 1 and 2, we will get the the bode plot diagram of the current 

controller using PI as shown in Figure 3. It is shown that up to 200 Hz, the gain of the actual output current 

against the reference current is still unity. Although at 200 Hz, there is a slight phase shifting between the 

actual current and the reference current (-1.79o). 

 

 

Table 1. Converter design parameters 
Parameter Value 

Input Voltage (Ed) 100 Volt 

Inductor (Ls1) 1.03 mH 
Inductor (Ls2) 1.03 mH 

Inductor (Ls3) 1.03 mH 
Inductor (Ls4) 1.03 mH 

Inductor (LP) 2.6 mH 

Capacitor (C) 470 F 

Nominal Load Resistance (R) 0.2 ohm 

Duty Cycle (⍺̅) 0.095 

 

 

Table 2. Current control parameters 
Parameter Value 

Kp 0.0843 

Ki 631.83 
Ti 1.334.10-4 

 

 

 
 

Figure 3. Bode plot diagram of actual output current against a reference output current 
 

 

4. SIMULATION RESULTS 

A new simplified two-stages four-phase DC-DC Buck converter with parameters as shown in Table 

1 was simulated. The previous PI controller parameters were used.  

 

4.1.  Case I: current reference variation 

In this case, the effect of the current reference variation is simulated with the results shown in Figures 4 

(a) and (b). Figure 4 (a) shows the simulation result of the actual output current (Io_Actual) when reference output 

current (Io_Reference) is changed from 22 A to 16 A at t = 0.166 s and back again to 22 A at t = 0.333 s. It can be 

seen that the controller can maintain the actual output current when the reference output current changes in step 

variations with a fast response, as it only takes 0.003 and 0.005 seconds to achieve steady state under these 
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changes. Figure 4 (b) shows the simulation results of the actual output current (Io_Actual) when the current 

reference (Io_Reference) contains AC component. It can be seen that the actual output current still can follow the 

reference output current up to 200 Hz. But, at 200 Hz, the phase between the actual current and the reference 

current starts to shift, the same as predicted by the Bode plot in Figure 3. Based on this result, it can be concluded 

that the dynamic modeling of the system is accurate and the controller is considered to work well in this case.  
 

 

 
(a) 

 

 
(b) 

 

Figure 4. Simulation results for the reference current variation: (a) step changes, (b) AC components included 

 

 

4.2.  Case II: variation in the load resistance 

In this case, the effect of load resistance variation is analyzed, to prove that the variation in the load does 

not affect the controlled output current. Figure 5 shows the simulation result of the actual output current (Io_Actual) 

when the load changes from 0.2 to 0.1 Ω at t = 0.166 s and back again to 0.2 Ω at t = 0.333 s. It can be seen that the 

controller can maintain the actual output current when the the load changes in a fast response (only 0.002 s). 

 

 

 
 

Figure 5. Simulation result for the load resistance variation 
 

 

4.3.  Case III: variation in the source voltage 

In this case, the effect of source voltage variation is analyzed as depicted in Figures 6 (a) and (b). 

Figure 6 (a) shows the simulation results of the actual output current (Io_Actual) when the input voltage (Ed) 
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is suddenly changed from 102 to 100 V at t = 0.166 s, and from 100 to 102 V at t = 0.33 s. Whereas Figure 6 

(b) shows the simulation results of the actual output current (Io_Actual) when the source voltage fluctuates 

due to a non-ideal source. It appears that the controller can maintain the desired output current properly when 

the input voltage changes, because the actual current still can follow the reference current pattern. 

 

 

 
(a) 

 

 
(b) 

 

Figure 6. Simulation results for the source voltage variation: (a) step changes, (b) periodic fluctuation 

 

 

5. EXPERIMENTAL RESULTS 

In order to verify the validity of the proposed converter under current controller, several 

experiments were conducted. The scheme in Figure 1 is experimented as shown in Figure 7 with an input 

voltage of 100 V and a load with a resistance value of ±0.2 Ω. The primary inductor (LP) has an inductance of 

2.6 mH with an internal resistance of 0.9 Ω, while the secondary inductor in each phase (LS1, LS2, LS3, and 

LS4) has an inductance of 1.03 mH with an internal resistance of 0.5 Ω. The capacitor used has a capacitance 

of 435 µF and a maximum voltage of 400 V. The active switches are implemented using MOSFET 

(FCH023N65S3) with an internal resistance of 18 mΩ, and an ultrafast diode MUR1560G is also used in this 

topology with a voltage drop of 0.6 V with an internal resistance of 18.4 mΩ. The control circuit used for the 

converter consists of a DC power supply, four TLP350 gate drivers to activate the MOSFETs, a LEM LA 50 

P current sensor, and a micro-controller in the form of Arduino Due. DC power supply with 15 Volt output 

which becomes the gate driver input voltage. The gate driver gets input from the Arduino and the power 

supply to be able to generate a PWM waveform which is used to activate the mosfet. Arduino due is used to 

control a new simplified four-phase two-cascade converter in a closed loop with the actual current input 

obtained from the detection results of the LEM LA 50 P current sensor and then compared to the reference. 

In the experiments, controller performance also tested for three conditions, variation in the current reference, 

load resistance and source voltage. 
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Figure 7. Experimental setup 

 

 

5.1.  Case I, variation in the current reference 

The experiment result in Figure 8 shows the waveforms of actual output current (Io_Actual) and the 

reference output current (Io_Reference). The output current is expected to follow the reference pattern even if the 

reference pattern changes. From the experiment that has been carried out, it can be seen that the actual current still 

can follow the reference current even though the reference current fluctuates from 22 to 16 Ampere or vice versa. 

 

 

 
 

Figure 8. Experimental result for the reference current variation 

 

 

5.2.  Case II, variation in the load resistance 

Figure 9 shows the waveforms of actual output current (Io_Actual), and reference output current 

(Io_Reference) during a load resistance change. From the experiment that has been carried out, it can be seen 

that the actual current still can follow the reference current in 16 Ampere even though the load resistance 

fluctuates from 0.14 to 0.213 Ω or vice versa. In other words, the current controller is running as expected. 

 

 

 
 

Figure 9. Experimental result for the load resistance variation 
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5.3.  Case III, variation in the source voltage 

The experiment results in Figures 10 (a) and (b) show the waveforms of input voltage (Ed), actual 

output current (Io_Actual) and reference output current (Io_Reference). The actual output current is expected 

to follow the reference pattern even if the source voltage changes. From the experiments that have been 

carried out, it can be seen from Figures 10 (a) and (b) that the actual output current still can follow the 

reference current in 16 Ampere even though the source fluctuates, either increasing or decreasing. 

 

 

  
(a) (b) 

 

Figure 10. Experimental result for the source voltage variation: (a) increasing, (b) decreasing 

 

 

6. CONCLUSION 

A current control method for a new simplified cascade multiphase DC-DC buck converter has been 

proposed in this paper. In order to design the current controller, the small-signal model of the proposed 

converter was derived. Simulated and experimental results are used to verify the performance of the proposed 

current controller. Robustness of the current controller under various disturbances are verified. This current 

controller is useful to control the output current of the proposed converter for various applications. 
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