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ABSTRACT

Flyback converters are widely used in low-power switch-mode power supplies
(SMPS) due to their simple structure, galvanic isolation capability, and cost-
effectiveness. This paper presents a systematic design methodology and digital
Proportional–Integral (PI) control implementation for a discontinuous conduc-
tion mode (DCM) flyback converter using a dSPACE 1104 control platform.
The proposed approach integrates magnetic component sizing, semiconductor
stress evaluation, and RCD snubber design into a unified workflow. A 30 W
prototype operating at 30 kHz with an input range of 20–30 V and a regulated
12 V output was developed and experimentally validated. The digital PI con-
troller was tuned using Takahashi’s method to ensure stable voltage regulation.
Experimental results demonstrate proper DCM operation and stable output reg-
ulation under input voltage variation (20–30 V), load variation (48 Ω–12 Ω), and
reference changes (10–14 V). The measured efficiency exceeded 90% at nomi-
nal operating conditions. The results confirm the effectiveness of the proposed
design methodology for low-power isolated DC–DC applications.
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1. INTRODUCTION
Flyback converters are widely used in low-power switch-mode power supplies (SMPS) when galvanic

isolation and, in some cases, multiple isolated outputs are required [1]-[3]. They are commonly employed in
battery-powered systems, industrial control electronics, and auxiliary power supplies [4], [5]. Various DC–DC
converter topologies such as buck, boost, SEPIC, and flyback are extensively employed in renewable energy
harvesting and power conditioning applications, where trade-offs between efficiency, complexity, and isolation
must be considered [6], and specialized control methods, such as pulse density modulation in DCM flyback
designs, have been explored in practical electronics applications [7].

Flyback converters operate either in continuous conduction mode (CCM) or discontinuous conduction
mode (DCM), depending on whether the magnetizing current reaches zero during the switching period [5]. For
low-power applications, DCM is often preferred because it can offer improved efficiency at light load, reduced
magnetic component size, and simplified control design under certain operating conditions [4], [5], [8], [9].
In addition, DCM operation avoids the right-half-plane zero associated with CCM operation and is therefore
attractive for digitally controlled implementations and compact power supplies [1]-[5], [8]-[10].
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Although the theoretical analysis of flyback converters is well documented in the literature [1], [2], [5],
these works mainly provide theoretical analysis and general design guidelines [11]. For example, DCM flyback
converter designs with specific modulation strategies for automotive LED drivers have been reported [7], but
comprehensive design workflows integrating transformer design, snubber design, and digital control validation
remain limited [11]. In contrast, the present study focuses on a complete and experimentally validated design
workflow for a DCM flyback converter, integrating magnetic component sizing, semiconductor stress analysis,
RCD snubber design, and digital PI control implementation.

In particular, leakage inductance can generate significant voltage stress across the switching device,
which motivates the use of RCD snubber circuits as discussed in application-oriented design guidelines [12].
Furthermore, while digital control of DC–DC converters has been widely investigated, including efficiency op-
timization in digitally controlled flyback converters [9], many existing studies address either theoretical model-
ing or individual design aspects without presenting a complete experimentally validated workflow. Therefore,
there is a need for a practical design methodology that links analytical design procedures with full hardware
implementation of DCM flyback converters. In such converters, the transformer plays a central role in deter-
mining efficiency and output regulation performance [1], [8], [10].

A successful implementation requires careful parameter calculation and component selection, includ-
ing the MOSFET, rectifier diode, magnetizing inductance, turns ratio, winding turns, and snubber elements [2],
[10], [13].

This paper presents a systematic design methodology and a digital voltage-mode PI control implemen-
tation using a dSPACE control board for a 30 W flyback converter operating in DCM. The proposed workflow
combines analytical design, component sizing, and experimental validation under variations of input voltage,
load, and reference.

The main contributions of this work are summarized as follows:

− A structured end-to-end design methodology for a DCM flyback converter including magnetic
component sizing, switch and diode stress analysis, and leakage energy management through RCD snubber
design.

− Practical implementation of a digital voltage-mode PI controller tuned using Takahashi’s method [14], [15],
demonstrating stable regulation in DCM operation.

− Experimental validation of the complete system, including steady-state waveforms, transient response anal-
ysis, and efficiency evaluation.

− Quantitative comparison between theoretical calculations and measured hardware results, highlighting prac-
tical implementation constraints and non-ideal effects.

This paper is organized as follows. Section 2 presents the converter model in DCM. Section 3 details
the design procedure and component selection. Section 4 discusses the experimental results. Finally, section 5
concludes the paper.

2. ELECTRICAL CIRCUIT AND MODELING IN DCM
The studied flyback converter provides a single isolated output voltage, as shown in Figure 1. The

converter operates in discontinuous conduction mode (DCM), where the magnetizing current becomes zero
during part of the switching period [5], [8]. In DCM, three operating intervals occur within one switching
cycle:

− Mode 1 (Switch ON, Diode OFF): the input voltage Vg is applied to the primary winding, and energy is
stored in the magnetizing inductance.

− Mode 2 (Switch OFF, Diode ON): the stored magnetic energy is transferred to the secondary winding and
delivered to the load through the rectifier diode.

− Mode 3 (Switch OFF, Diode OFF): the magnetizing current decreases to zero, and no energy transfer occurs
during this interval.

The equivalent circuits corresponding to these operating modes are illustrated in Figure 1.
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Figure 1. Flyback converter circuit with equivalent modes

2.1. Averaged modeling
To describe the dynamic behavior of the converter, the magnetizing current IL and the output capacitor

voltage Vc are selected as state variables:

x(t) =

[
iL
Vc

]
(1)

Using Kirchhoff’s voltage and current laws for each sub-interval and applying the state-space averag-
ing method [16]-[19]. Table 1 presents modeling of the three operating modes of the converter.

Table 1. Three operating modes of the converter
Mode 1 Mode 2 Mode 3

VL = Vg

ic = −
V (t)

R
ig = i

V = Vc(t)


VL = Vg

ic = −
V (t)

R
ig = i

V = Vc(t)


VL(t) = −

V (t)

n

ic(t) =
i(t)

n
−

V (t)

R
ig(t) = 0
V (t) = Vc(t){

ẋ = A1x+B1Vg(t)

y = C1x

{
ẋ = A2x+B2Vg(t)

y = C2x

{
ẋ = A3x+B3Vg(t)

y = C3x

A1 =

[
0 0

0 − 1
RcC

]
,

B1 =

[ 1
L
0

]
, C1 =

[
0 1

]
A2 =

[
0 − n

L
n
c

− 1
RcC

]
,

B2 =

[
0
0

]
, C2 =

[
0 1

]
A3 =

[
0 0

0 − 1
RcC

]
,

B3 =

[
0
0

]
, C3 =

[
0 1

]

The flyback converter can be represented by the following averaged state model over one switching
period: {

ẋ = Ax+BVg(t)
y = Cx

(2)

where Vg(t) is the input voltage and y = V (t) is the output voltage.
The averaged system matrices are obtained from the weighted contribution of the three operating

modes according to their respective duty ratios. The explicit expressions of A1, A2, and A3 follow directly
from the circuit equations of the three DCM operating intervals [16]-[19] are omitted here for brevity.

A = A1D1 +A2D2 +A3D3, B = B1D1 +B2D2 +B3D3, and C = C1 = C2 = C3 (3)

The control-to-output transfer function is expressed as:

F (p) = C(pI −A)−1B (4)
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This averaged model provides the theoretical foundation for controller tuning and performance eval-
uation presented in section 4. The averaged model is used to represent the dynamic behavior of the converter
and to guide the tuning of the voltage-mode PI controller implemented in the digital control platform.

3. FLYBACK CONVERTER DESIGN AND COMPONENT SELECTION
The design of the proposed 30 W DCM flyback converter is based on the specifications summarized

in Table 2. The overall design procedure is illustrated in Figure 2.

Table 2. Design input summary
Design parameters Value Design parameters Value
Input voltage (Vg) 20–30 V Output voltage (V ) 12 V

Output current (IOUT ) 2 A Switching frequency (f ) 30 kHz
Estimated efficiency (η) 90–100 % Maximum duty cycle (Dmax) 0.5

Operation mode DCM

1. Determine the design input parameters 
𝑉𝑔, 𝑉, 𝐼𝑜𝑢𝑡, 𝑓, 𝐷𝑚𝑎𝑥, 𝔶

2. Calculate the turn ration and primary inductance
𝐿𝑝, 𝑛 

3. Calculate converter parameters 

4. Transformer design 
 𝐴𝐿, 𝑁𝑃, 𝑁𝑆

5. Snnuber design
𝑅𝑠𝑛, 𝐶𝑠𝑛, 𝐷𝑠𝑛

3.1 Select the Mosfet 

3.2 Select the rectifier diode 

3.3 Select the output capacitor

Figure 2. Flyback converter design flowchart

3.1. Primary inductance and turns ratio
In DCM operation, the primary inductance Lp is determined from [2], [12]:

Lp =
(ηD2

maxV
2
g )

(2fKrfPo)
(5)

Dmax represents the maximum duty cycle, Vg(t) denoting the input voltage, Po, representing the output power,
f signifying the switching frequency, and Krf is the ripple factor. DCM means that the ripple factor (Krf ) equal
to 1 . The required turns ratio n is calculated as [2], [12]:

n =
VgDmax

(1−Dmax)(V + Vd)
(6)

Vd: is the diode forward voltage, and V is the output voltage.

3.2. MOSFET selection
The MOSFET must withstand the maximum drain-source voltage and peak current. The maximum

drain-source voltage is given by:
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VDSmax = Vin +
DmaxVg

1−Dmax
(7)

the peak current is:

Ipk =
Pin

DmaxVg
+

DmaxVg

2fLp
(8)

a safety margin of 20% in voltage and at least twice the calculated peak current is considered for reliable
operation [2], [20].

3.3. Diode selection
The rectifier diode must withstand the peak inverse voltage:

Vdpk
= Vout +

Vin

n
(9)

for safety reason we add a 40% to Vdpk
A 40% voltage margin is applied to ensure safe operation [2], [20]. The

current rating is selected above twice the maximum output current.

3.4. Output capacitor
The output capacitor is selected based on the allowable output voltage ripple:

C =
D × Io
f ×∆V

(10)

3.5. Core selection
Core selection is based on the frequency and the power(30 Khz, 30 W in our case). The first step is

to go to the magnetic ferrite core catalog [21], [22] and consulting the power-handling chart in the ferrite core
catalog, then selecting the frequency and the power needed for the application. We found that the E25/13/7
core is the perfect core for our application also ETD49 is suitable for our converter. ETD 49 is used for our
application. Once the core has been selected, the next crucial step involves calculating the number of turns
for each winding, starting with the secondary winding [2], [10], [23]. The number of turns for the secondary
winding (Ns) is determined by (11).

Ns =

√
Lp

AL
(11)

AL value refers to the inductance factor of a magnetic component, such as an inductor or transformer, that is
constructed with a ferrite core. The AL value is a measure of the inductance per turn squared (inductance per
square of the number of turns) and is typically expressed in units of nanohenries per square turn (nH/turn2).
This value is given by the manufacturer in the datasheet of the used magnetic core. With 20 turns in the
secondary winding, the calculation of the primary winding (Np) is determined by the turn ratio (n), where n
equals 2.

Np =
Ns

n
(12)

In addition, the maximum magnetic flux density was verified to ensure that the core operates below the satu-
ration limit of the ferrite material. The estimated peak flux density remained within the safe operating range
recommended by the core manufacturer. A basic estimation of magnetic losses based on manufacturer data
confirmed that the selected core is suitable for the operating frequency and power level of the converter. The
maximum magnetic flux density of the transformer core can be estimated using Faraday’s law as presented in
(13), which is commonly used in the design of flyback transformers.

Bmax =
Vin Dmax

Np Ae fs
(13)
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Figure 3. Flyback circuit with snubber circuit

3.6. Snubber components selection
Due to a resonance between the MOSFET’s output capacitor (COSS) and the leakage inductor (LLk)

of the main transformer, a high-voltage spike appears on the drain pin when the MOSFET turns off. An
avalanche breakdown could result from the drain pin’s increased voltage, which would ultimately damage the
MOSFET. As a result, in order to clamp the voltage, another circuit must be added. To guarantee this we
include a snubber circuit, as shown in Figure 3 [13], [24].

When calculating the values of the snubber components, we assume that the snubber voltage (Vsn) is
equivalent to twice the product of the turn ratio (n) and the output voltage (nV ).

Vsn = 2nV (14)

The leakage inductance LLk is estimated to be 2%of the primary inductance Lp.

LLk = 0.02Lp (15)

we calculate the resistance Rsn of the snubber circuit as presented in equation [5], [12]:

Rsn =
V 2
sn(

1
2LkI2pk

)(
Vsn

Vsn−nVout

)
f

(16)

The maximum ripple of the snubber capacitor voltage is 10% of Vsn. Snubber capacitance Csn is obtained as
follows [5], [12]:

Csn =
Vsn

∆Vsn.Rsn.f
(17)

3.7. MOSFET driving circuit
The MOSFET is driven using an HCPL-3120 optocoupler to provide galvanic isolation and adequate

gate drive voltage.

4. EXPERIMENTAL RESULTS
After component selection and hardware realization, the 30 W DCM flyback converter prototype was

experimentally validated. The calculated component values are summarized in Table 3. The experimental setup
is shown in Figure 4.

Table 3. Components values
Parameters Value Parameters Value

Primary inductance (Lp) 100 µH Turn ratio (n) 2
Drain-source voltage (VDSmax ) 48 V Peak current (Ipk) 4 A
Turns of secondary winding (Ns) 20 Turns of Primary winding (Np) 10

Snubber voltage (Vsn) 48 V Snubber resistor (Rsn) 2.35 kΩ
Snubber capasitance (Csn) 141 nF

Two configurations were tested:
− Open-loop operation.
− Closed-loop digital PI control.
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Figure 4. Experimental setup

4.1. Open-loop operation
In the open-loop configuration, the PWM signal was generated using an external waveform genera-

tor. The objective was to verify the expected DCM behavior. Figure 5 presents the experimentally measured
transformer waveforms under open-loop operation. Figure 5(a) shows the primary and secondary voltages.
Figure 5(b) shows the corresponding primary and secondary currents. The experimental waveforms confirm
proper DCM operation, where the magnetizing current reaches zero before the next switching cycle. The
measured results are consistent with theoretical predictions reported in [1]-[3], [5]-[25], with the magnetizing
current reaching zero before the next switching cycle as expected in DCM operation, confirming the validity of
the analytical design.

(a) (b)

Figure 5. Primary and secondary transformer waveforms,
(a) Primary and secondary winding voltage and (b) Primary and secondary winding current

4.2. Closed-loop digital control
A digital PI controller was implemented using the dSPACE 1104. The controller parameters were

determined using Takahashi’s tuning method [14], [15], which is a practical tuning approach derived from
the Ziegler–Nichols method for discrete-time controllers [26]-[28]. Figure 6 presents the experimental step
response used for parameter identification and the corresponding Takahashi PI control structure. Consequently,
similar to the continuous case, it is necessary to subject the discrete system to an open-loop (OL) test as
presented in Figure 6(a). This method is based on three parameters the slope (a), the rise time (Tc), and the
delay time (τ ) of the resulting step response from an open-loop (OL) test, as shown in Figure 6(a). The form
of the PI controller used by Takahashi is summarized in Figure 6(b).
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Figure 6. Step response of a PID tuning with Takahashi rules and takhahashi control diagram
(a) step response of a PID tuning with Takahashi rules and (b) control diagram

Table 4 presents the empirical expressions of the parameters for digital P/PI/PID controllers proposed
by Takahashi based on the open-loop response. The overall closed-loop control implementation and the corre-
sponding experimental validation results are presented in Figure 7.

Table 4. Parameters of digital P/PI/PID controllers proposed by the Takahashi
Controller type Controller parameters
Proportional (P) Kp = 1

a(τ+Tc)

Kp = 0.9
a(τ+0.5Tc)

+ 0.5KiTc

Proportional-Integral (PI) Ki =
0.27

a(τ+0.5Tc)2

Kp = 1.2
a(τ+0.5Tc)

+ 0.5KiTc

Proportional-Integral-Derivative (PID)
Ki =

0.6
a(τ+0.5Tc)2

Kd = 0.5
a

Where Yref (z), E(z), U(z), and Y(z) are, respectively, the setpoint, error, control input, and output
of a closed-loop control system. Kp, and Ki, represent the proportional, and integral gains, respectively.
The closed-loop architecture, facilitated by the PI controller in the DSpace environment, aims to enhance the
overall stability and responsiveness of the system. Figure 7(a) illustrates the block diagram of the closed loop
implementation.

4.2.1. Input voltage variation
The input voltage was varied from 20 V to 30 V while maintaining a reference output of 12 V. The

maximum steady-state deviation was less than 2% of the nominal output voltage.
The results are presented in Figure 7(b). The output voltage remains regulated around 12 V despite

input variations, demonstrating effective voltage regulation with the expected closed-loop performance. The
duty cycle automatically adjusts to compensate for input changes. Figure 8 presents the experimental responses
of the proposed controller under load variation and reference voltage variation tests.

4.2.2. Load variation
The load was varied from 48 Ω to 12 Ω while maintaining constant reference voltage. The experimen-

tal results are shown in Figure 8(a). The converter maintains stable output voltage under load variations. The
maximum transient deviation during load step was 0.6 V with settling time below 8 ms during load transitions,
indicating good dynamic performance consistent with the controller design.

4.2.3. Reference variation
The reference voltage was varied from 10 V to 14 V. The results in Figure 8(b) show accurate tracking

performance, confirming that the digital PI controller ensures stable and responsive output regulation. Over-
all, the experimental results validate the proposed design methodology. The converter demonstrates stable
operation, effective voltage regulation, and satisfactory dynamic performance under varying input, load, and
reference conditions.
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4.2.4. Efficiency evaluation
The converter efficiency was evaluated at nominal conditions (Vin = 24 V, Vout = 12 V,

Iout = 2 A). The measured efficiency exceeded 90%, at nominal conditions, which is consistent with the ex-
pected performance based on the selected components and operating conditions. As expected in DCM opera-
tion, efficiency decreases at light load due to increased switching losses.

(a) (b)

Figure 7. Closed loop diagram and results under input voltage variation,
(a) closed loop diagram and (b) results under input voltage variation

(a) (b)

Figure 8. Results under load variation and reference changing,
(a) results under load variation and (b) results under reference changing

5. CONCLUSIONS
This paper presented the design, implementation, and experimental validation of a 30 W flyback con-

verter operating in discontinuous conduction mode (DCM). A systematic design methodology was developed,
covering magnetic component sizing, semiconductor stress evaluation, and RCD snubber design. A digital
voltage-mode PI controller was implemented using a dSPACE 1104 platform and tuned according to Taka-
hashi’s method. Experimental results demonstrated proper DCM operation and stable output voltage regulation
under variations of input voltage (20–30 V), load (48 Ω–12 Ω), and reference voltage (10–14 V). The measured
waveforms confirmed agreement with theoretical predictions, and the controller ensured satisfactory dynamic
performance with minimal transient deviations. The proposed methodology provides a practical and reliable
framework for the design and implementation of low-power DCM flyback converters intended for regulated
power supply applications.
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