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Abstract. The study explores the design, optimization, and application of a control strategy tailored for a multi-

phase buck converter employed to manage energy processing from photovoltaic panel. A control method is 

proposed to maximize the energy conversion efficiency. It is grounded in a comprehensive examination of the 

converter switching dynamics, factoring in significant parasitic elements of the circuit and the operational traits of 

power semiconductor devices, specifically MOSFETs. The method effectiveness and precision are validated by  

computational simulations and experimental measurements conducted on an actual photovoltaic system utilizing 

a particular converter type. The method is adaptable to various multi-phase converter configurations and 

alternative power semiconductor devices.  
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Optimizacija in analiza krmiljenja večfaznega pretvornika 

navzdol s tranzistorji MOSFET 

Študija obravnava zasnovo, optimizacijo in uporabo krmilne 

strategije, prilagojene za večfazni pretvornik navzdol, ki se 

uporablja za upravljanje pretoka energije iz fotonapetostne 

plošče. Predlagana je krmilna metoda, katere cilj je 

maksimirati učinkovitost pretvorbe energije. Temelji na 

temeljiti analizi stikalne dinamike pretvornika, pri čemer so 

upoštevani pomembni parazitski elementi vezja in obratovalne 

lastnosti močnostnih polprevodniških komponent, zlasti 

tranzistorjev MOSFET. 

 Učinkovitost in natančnost metode sta potrjeni s pomočjo 

računalniških simulacij in eksperimentalnih meritev, izvedenih 

na dejanskem fotonapetostnem sistemu, ki uporablja določen 

tip pretvornika. Metoda je prilagojena različnim 

konfiguracijam večfaznih pretvornikov in alternativnim 

močnostnim polprevodniškim elementom. 

 

1 INTRODUCTION 

Multi-phase converters provide several benefits over 

single-phase designs in photovoltaic panel applications 

[1-5]. Their benefits are a higher energy transfer 

efficiency due to the absence of interruptions in the 

energy flow, reduced output current ripple, narrow 

ranges of discontinuous currents, and the possibility of 

operating at low switching frequencies for individual 

transistors [6-8]. However, multi-phase converters also 

present notable challenges when compared to single-

phase configurations. The main among them is an 

increased complexity of the circuit resulting in a higher 

component count, greater cumulative losses, and 

diminished overall efficiency. To mitigate the 

drawbacks and enhance the efficiency, an adaptive 

control method is employed which dynamically adjusts 

the converter topology by modifying the number of the 

active switching phases in response to the variations in 

the input power. 

  

2 CONVERTER DESIGN AND ANALYSIS OF ITS 

LOSSES  

Fig. 1a) shows a schematic diagram of a multi-phase 

buck converter employed for energy conversion in 

systems such as photovoltaic panels [9-13]. Fig. 1b) 

provides a detailed depiction of the converter, explicitly 

highlighting its parasitic components. The circuit 

elements are marked with subscript "P" which 

represents parasitic characteristics. According to the 

Kirchhoff's  law, the currents in the circuit are governed 

by the relationship expressed in (1). 

 
=

=
n

j

jii

1

                           (1) 

The operation of the converters phases is synchronized 

with switching signals for each phase offset by a time 

interval of T/n, where T is the switching period and n is 

the total number of phases. The functioning of each 

phase can be categorized into two primary intervals. 
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I. interval - switch M closed  

 

During the operational interval, transistor M in the 

respective phase remains off, allowing the energy to 

flow from voltage source U through the circuit primary 

inductance L to the load (See Fig. 2). 

The relationship governing the n-th loop of the 

converter is expressed mathematically as: 
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where U is the input voltage, RPn1 the resistance of the 

input conductor, LPn1 the parasitic inductance of the 

input conductor, and rDS(on) the on-state resistance of the 

MOSFET transistor, RLn is the resistance of the main 

coil, Ln is the inductance of the main coil, UF is the 

voltage drop across the diode, RPn2 is the resistance of 

the conductor leading to the load, and UZ is the voltage 

at the load. As the circuit comprises only a resistive-

inductive load, the current waveform takes the shape 

shown in Fig. 3. The converter loop of the n-th phase 

can be simplified through parameter concentration. 
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Where UTO is the threshold voltage of the diode, Rn1 is 

the resistance of the n-th phase during the first interval, 

rF is the forward resistance of the diode, and Ln1 is the 

inductance of the n-th phase during the first interval. By 

incorporating equations (3) to (6), equation (2) can be 

reformulated as follows: 

 0.. 11 =+++−
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LiRinZUU n

nnnnTO  (7) 

The equation rewritten in the operator form using the 

Laplace-Carson transform is: 

 0ˆ.ˆ.ˆ
1111 =−+++− IpLipLiRinZUU nnnnnnTO  (8) 

The relationship describing the desired current 

waveform derived from equation (8) is: 
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Applying the inverse transform to return to the time 

domain gives: 

 
a) 

 
b) 

Figure 1. a) Schematic diagram of an n-phase buck converter, 

b) detailed diagram of an n-phase converter with its parasitic 

components. 

 

Figure 2. Equivalent circuit diagram for the converter first 

operating interval. 

 

Figure 3. Current waveform in the nth phase. 
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By substituting t = ton with D/f in the time-domain 

expression for the current, the input current corresponds 

to I2 (See Fig. 3). 
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Where D is a duty cycle of the converter control and f is 

its switching frequency. 

 

II. interval - switch M turned off 

 

During the interval, the energy stored in inductance Ln is 

delivered to the load via diodes Dn1 and Dn2 (See Fig. 4). 

The equation representing the n-th loop of the converter 

is expressed as follows: 
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The formulation adheres to equations (3) and (4), along 

with the following additional relationships: 
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Substituting their values into equation (12) gives: 
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It is resolved using the operator form: 

 0ˆ.ˆ..2ˆ
2222 =−+++ IpLipLiRUiZn nnnnnTOn

 (16) 

The desired current is then derived as: 
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Using an inverse transformation, the time-dependent 

behavior of the desired current is: 
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By substituting t = toff = (1-D)/f, the expression for the 

input current of magnitude I1 is derived (See Fig. 3): 
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Using equations (11) and (19), the expressions for the 

initial values of currents I1 and I2 at the start of both 

converter intervals are derived. They depend solely on 

the circuit parameters. By substituting value I2 from 

equation (11) into equation (19), the following 

relationship is obtained: 
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The value of current I2 is determined by substituting 

equation (19) into equation (11): 
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Using equations (10), (18), (20), and (21), the time 

evolution of the current in any phase of a multi-phase 

buck converter is calculated. To determine the optimal 

number of the converter phases, the losses associated 

with the varying phase configurations are assessed. 

They occur both during a steady-state operation, 

encompassing both intervals of the operation, and 

during transient processes. The loss components and 

corresponding designations are: 

 

 

Figure 4. Equivalent circuit diagram for the second operating 

interval of the converter. 
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Steady-state losses: 

• PRPn1 are the losses resulting from the resistance of 

the supply line in the n-th phase, 

• PMF are the losses occurrising when the MOSFET 

transistor is in the switched-on state, 

• PMR are the losses occurring when the MOSFET 

transistor is in the switched-off state, 

• PRLn are the losses associated with the resistance of 

the coil in the n-th phase, 

• PDF are to the losses occurrising when the diode is 

in the switched-on state, 

• PDR are the losses occurring when the diode is in 

the switched-off state, 

• PRPn2 are the losses caused by the resistance of the 

supply conductors to the load in the n-th phase. 

Transient losses: 

• PMon are the MOSFET switching-on losses, 

• PMoff are the MOSFET switching-off losses, 

• PDQR are the diode switching-off losses, 

• PDQF are the diode switching-on losses. 

 Taking into account the standard turn-on and turn-off 

waveforms and equation (1), the total PC losses of the 

converter are: 
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 The average phase current of the converter is 

calculated using equation (23). 

 
n

III
I AVn =

+
=

2

21

)(
 (23) 

The total losses in the converter are then expressed as: 
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Where rDS(on) is the on-state resistance of the transistor, 

IR is the reverse current through the diode, IDS(off) is the 

current through the transistor during its turn-off period, 

ton is the turn-on time of the MOSFET transistor, toff is 

the turn-off time of the MOSFET transistor, Qrr is the 

reverse recovery charge of the diode, and UFP is the 

voltage across the diode during its transition from the 

off state to the on state. The transition duration is 

defined by tfr. By simplifying equation (24) using the 

relationships in equation (23), a simplified form of the 

expression is obtained. 
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The converter efficiency is expressed using equation 

(26): 
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Equation (26) shows that the overall efficiency is 

primarily affected by the total power losses. They can 

be reduced by using design components. The total 

losses are also affected by the number of parallel phases 

in the converter. As the input current is distributed 

linearly across the phases, the losses in the phase 

resistors decrease quadratically. Therefore, using 

multiple phases may result in lower total losses 

compared to a single-phase configuration. However, due 

to the additional losses in the parallel phases, the 

assumption that increasing the number of the phases 

always reduces the losses is not entirely accurate. It is 

therefore possible to determine the optimal number of 

phases for a specific input power. The converters 

efficiency at any given input power can be maximized 

by adjusting its topology and duty cycle, while 

considering the fixed design parameters and 

characteristics of the converter components. By 

differentiating equation (25) for the Pc power losses 

with respect to the number of phases n, the optimal 

phase count that minimizes power losses can be 

determined at any point during the converters operation. 
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Equation (27) shows that depending on the converters 

design and its instantaneous power input, the optimal 

number of the controlled phases in a multi-phase buck 

converter to minimize the power losses is obtained. 

However, implementing such control requires a 

microcontroller with a significant computational power 

and access to static and dynamic parameters of the 

components involved, which can be a demanding task. 

A simpler approach is to measure the converters 

efficiency in real time and adjust the number of active 

phases accordingly. Fig. 5 shows the proposed circuit 

and its supplementary circuits [14-19] of the tested four 

phase buck converter commonly used in photovoltaic 

energy conversion. 

High-speed MOSFET transistors are employed as the 

switching elements in the converter. Fig. 6 shows a 

practical implementation of the four phase converter 

prototype.  

 

Figure 5. Schematic diagram of the designed four phase buck 

converter. 
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For the converter to operate correctly, precise control 

signals at switching frequency f are required. They must 

be time-shifted by interval t = T/n, where n is thenumber 

of switching phases. Their duration must be adjustable 

based on duty cycle D varrying from 0 to 1. The signals 

are generated using the microcontroller in the control 

section of the circuit (See Fig. 5). For this purpose, a 

NUCLEO-F746ZG development board, equipped with 

an adequate microcontroller, is used. A preview of the 

development board is presented in Fig. 7. The 

microcontroller consists of three 12-bit analog-to-digital 

converters capable of processing signals from sensors 

and supporting up to 24 analog channels. 

Fig. 8 shows an example of the generated control 

signals with a duty cycle of D = 0.2. 

Figs. 9 and 10 show the output waveforms of the 

converter operating in single-phase and three-phase 

modes. Analyzing the waveforms proves the 

advantageous characteristics of the multi-phase 

operation. 

The verification of the efficiency of a multi-phase 

converter does not depend only on its power input but 

also on the number of active phases the converter is 

analyzed using computer simulations and practical 

measurements. The verification results of the analyses 

are presented in Figs. 11 and 12.  

 

Figure 6. Practical implementation of the converter prototype. 

 

Figure 7. NUCLEO-F746ZG Development Board. 

 
Figure 9. Measured voltage and current waveforms of a 

single-phase buck converter at the input power of 50W, C1:  

900mA / div is the input current, C2: 7V / div is the input 

voltage, C3: 900mA / div is the output current, C4:  4V / div 

is the output voltage, M1 is the mean value of the input 

power, M2 is the mean value of the output power, M3 is the 

mean value of the efficiency. 

 

Figure 8. Control signals for MOSFETs generated by the 

microcontroller, C1: 2V/div is 1st phase, C2: 2V/div is 2nd 

phase, C3: 2V/div is 3rd phase, C4: 2V/div is 4th phase, time is 

10µs/div. 

 
Figure 10. Measured voltage and current waveforms of a 

three-phase buck converter at the input power of 50W, C1:  

900mA / div is the input current, C2: 7V / div is the input 

voltage, C3: 900mA / div is the output current, C4:  4V / div 

is the output voltage, M1 is the mean value of the input 

power, M2 is the mean value of the output power, M3 is the 

mean value of the efficiency. 

 
Figure 11. Results from the computer simulation, where C1: 

is a 5%/div efficiency (ηn): P1 is a single phase connection, 

P2 is a two phases connection, P3 is a three phases 

connection, P4 is a four phases connection, C2: is the 5W/div 

input power (Pinput), C3: is the 5W/div output power (Poutput), 

time is 2ms/div. 
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Fig. 13 provides a graphical summary of the results 

obtained from the simulation and measurement tests. 

The most significant variations in the efficiency are 

observed at the converter lower power input levels. The 

phenomenon is illustrated in a greater detail in Fig. 14. 

 

3 STRATEGY TO CONTROL THE CONVERTER 

TO EFFICIENCY  

In practical applications of the results gained from 

analyzing the operation of a multi-phase buck converter, 

the design of its control algorithm also considers its 

integration with a photovoltaic panel, a common use 

case. To maximize the efficiency of the electric energy 

conversion from a photovoltaic panel, the control 

algorithm incorporates the maximum power point 

tracking (MPPT). The process relies on a 

microcontroller equipped with A/D converters to 

measure the input and output voltage and current, 

enabling the calculation of the input and output power 

and the overall efficiency of the multi-phase converter 

[20-22]. Notably, operating all the converter phases  

simultaneously may not always be efficient due to the 

associated losses, as observed in analysis, simulations, 

 

Figure 12. Experimental results: blue is the 12W/div input 

power (Pinput), green is the 12W/div output power (Poutput),  

light blue is the 10%/div efficiency (ηn): P1 is a single phase 

configuration, P2 is a two phase configuration, P3 is a three 

phase configuration, P4 is a four phase configuration, time is 

20ms/div. 
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P1 P2 P3 P4 

P1 P2 P3 P4 P1 P2 P3 P4 

 

Figure 15. Flowchart illustrating the control process for a 

multi-phase converter. 

 

 

Figure 14. Relationship between the efficiency of a multi-

phase converter, the power input level, and the number of 

active phases in a low-power input range. 
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Figure 13. The graph shows the effect of power input and the 

number of switched phases on the efficiency of a multi-phase 

converter. 
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and experimental measurements. Consequently, an 

adaptive topology is employed, activating only an 

optimal number of switching phases to minimize the 

losses. The approach is outlined in the flowchart in 

Figure 15. 

The efficiency optimization control algorithm comprises 

three stages. First, the maximum power point (MPP) of 

the photovoltaic source is determined using the hill 

climbing method. The algorithm then identifies the 

optimal number of the active phases in the converter 

that yields the highest efficiency. This is achieved by 

incrementally reducing the number of the active phases, 

measuring the input and output power, and calculating 

the corresponding efficiency. The algorithm now 

evaluates whether there has been a significant change in 

the input power. If a substantial change is detected, the 

algorithm recalculates the optimal number of the active 

phases for the new input power level. Conversely, if 

these is no significant change in the input power  

observed, the algorithm maintains current duty cycle D 

and the phase configuration. 

 

4 MEASUREMENT RESULTS  

The algorithm is implemented using the circuit shown in 

Fig 5. The measurement results are given in Figs. 16-18. 

They show the relationship between the efficiency, the 

number of the inverter switching phases and the number 

of samples processed by the microcontroller. The 

performance of the microcontroller plays a crucial role 

in the accurate implementation of the control algorithm. 

For an optimal determination of the number of the 

switching phases, the efficiency is measured and 

recorded 30 times for each given topology, thereby 

minimizing potential measurement errors. For a four-

phase converter, 120 samples are measured and 

analyzed. With a moderately powerful microcontroller, 

the entire process typically takes several hundred 

microseconds. 

The presented control method for a multi-phase buck 

converter integrated with a photovoltaic panel offers 

favourable advantages. It is particularly effective in 

real-world applications where the intensity of the light 

radiation fluctuates significantly due to varying weather 

conditions and seasonal changes. 

 

5 CONCLUSION 

From Figures 12 and 13 and 16 to 18, two important key 

conclusions can be drawn. First, the implemented 

control algorithm proves effective in improving the 

efficiency of the photovoltaic energy conversion by 5-

10% at lower power levels and by 3% at higher power 

levels. Such efficiency increase is particularly 

noteworthy during winter when the solar radiation 

intensity is reduced. Second, the impact of individual 

component parameters in the multi-phase converter is 

substantial, as proven by the discrepancy between the 

simulation and measurement results. A major advantage 

of the proposed control method is that most of the 

existing photovoltaic systems already incorporate 

microprocessors for system management, thus enables 

an immediate application of the method by modifying 

only the software necessitating no significant hardware 

changes, thereby facilitating a substantial energy saving. 
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