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Resume

This article presents the enhancement and refinement of a simulation
model for an integrated universal switched voltage regulator compatible
with PSPICE software. The model enables users to create representations
of any specific type of switched voltage regulator currently available on the
market. The described regulator model is practically applied in widely used
configurations of buck converters, including applications in transportation.
The accuracy of the regulator model is verified by comparing the simulated
waveforms of the converter to those provided in its datasheet. Additionally,
the model is employed for the design and simulation analysis of buck
converter circuits, with extended current and voltage ranges for their
output parameters. In the context of improving the performance of such
converters, particular attention is given to enhancing their electromagnetic
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1 Introduction

The efficient utilization of alternative energy
sources is highly relevant in today’s energy-intensive
era, which has resulted in significant attention being
directed toward the field of direct current (DC) power
conversion. For this purpose, power semiconductor
converters are primarily used, with simulation software
considered as one of the most effective development tools
in their design [1-6]. The use of integrated switched
voltage regulators has greatly simplified the design and
construction of the DC power supplies, which are widely
utilized, including in transportation. However, a broader
range of simulation models for these components is
unfortunately lacking. Based on the configuration of
such converters, these integrated regulators can be
categorized into several groups. The largest group
consists of switched regulators designed for step-down
(buck) converters, with a manufacturer-recommended
connection presented in Figure 1 [7-10].

This configuration includes not only the integrated
switched regulator circuit but the additional external
components essential for its operation, as well.

2 Regulator model

Based on the key catalog parameters of existing
switched voltage regulators, designed for the buck
DC-DC converters, a conceptual and universal block
diagram can be developed. This diagram is presented
in Figure 2.

A universal simulation model of the regulator [11]
was developed based on this diagram. This model can
be simplified as follows, resulting in a more streamlined,
accurate, and efficient design, which subsequently
reduces simulation time.

.SUBCKT 2576M Vin On_Off GND FB Vout; Name of
subcircuit and parameters

+ PARAMS: Vref=1.23 Imax=3.7 f=52000; Default
setting: Vref, Imax, f, Rsw

+ Rsw=0.019 Dmax=0.9 Umax=40 Delay=0u; Dmax,
Umax, Delay

VA1 12 60; Ammeter A

V+5 9 GND 5; Power supply + 5V for logical circuits

VG 19 GND DC 0 AC 1 0; Frequency generator with
parameters:
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Figure 1 Configuration of a buck converter with an integrated switched voltage regulator
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Figure 2 Block diagram of the proposed universal switched voltage regulator

+ PWL (0,0) ({Delay} 0); Delay, Dmax,

+ REPEAT FOREVER (0,0) (10N 5)

+ (+{Dmax/f} 5)(+10N 0)(+10N 0)

+ (+{1/f-Dmax/f} 0) (+10N 0)

+ ENDREPEAT

U7 INV 9 GND On_Off 6 7404 10_STD; Inverter (INV)
(NOR 1)

U5 AND(2) 9 GND 7 6 8 7408 I0_STD; (AND)

SW3 9 10 FB GND SW1; Voltage controlled switch 2
(VCSW_2)

R2 GND 10 390; Resistor R

HCCV+5 11 GND VA1 10; Conversion: switch S current
to voltage

SW2 9 13 11 GND SW2; Switch controlled by S current
(CCSW)

R1 13 GND 390; Resistor R

SWO0 60 Vout Vin GND SW4; Voltage controlled switch
1 (VCSW_1)

SW1 Vin 12 8 GND SW3; Voltage controlled switch
S (VCSW_S)

U6 NOR(3) 9 GND 15 13 10 16 7427 I0_STD; (NOR 2)
U4 NAND(2) 9 GND 7 16 17 7400 I0O_STD; NAND - part
of (R-S flip-flop)

U3 NAND(2) 9 GND 18 17 7 7400 IO_STD; NAND - part
of (R-S flip-flop)

XU2 19 19 9 15 20 GND 9 74121; Monostable flip-flop 2
(MFF_2)

XU1 GND GND 19 21 18 GND 9 74121; Monostable flip-
flop 1 (MFF_1)

.MODEL SW1 VSWITCH (Ron=0 Roff=1G Von={Vref}
Voff={Vref-0.0000001})

.MODEL SW2 VSWITCH (Ron=0
Von={10*Imax} Voff={10¥*Imax-0.01})
.MODEL SW3 VSWITCH (Ron={Rsw} Roff=1G Von=1.8
Voff=1.79)

.MODEL SW4 VSWITCH
Von={Umax} Voff={Umax+0.1})
.MODEL 7404 UGATE
.MODEL 7408 UGATE
.MODEL 7427 UGATE
.MODEL 7400 UGATE

.ENDS

Roff=1G

(Ron=0 Roff=1000G

.SUBCKT 74121 A1 A2 B Q Q_Neg GND VCC; Subcircuit
of monostable flip-flop 74121

U2 INV VCC GND A1 30 7404 I0_STD; Inverter

U3 NAND(2) VCC GND 30 B 29 7400 I0_STD; NAND
U4 JKFF(1) VCC GND; JK flip-flop

+ VCC 27 29 VCC GND 23 24 7476 10_STD

U5 INV VCC GND 29 28 7404 10_STD; Inverter

U6 NAND(2) VCC GND 28 23 25 7400 I0_STD; NAND
U7 JKFF(1) VCC GND; JK flip-flop

+ 23 31 25 GND VCC 27 26 7476 I0_STD

U8 INV VCC GND 24 Q 7404 I0_STD; Inverter

U9 INV VCC GND 23 Q_Neg 7404 I0_STD; Inverter
.MODEL 7476 UEFF

.ENDS
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Figure 3 Circuit diagram of the configuration under investigation in the TINA program

The accuracy and functionality of the LM2576-ADJ
regulator model can be validated by incorporating it into
a buck converter circuit with a dynamically variable
resistive load, configured with the following parameters:
L = 100pH, R5 = 200mQ, Vin = 40V, R1 = 2kQ, R2 =
22.39kQ, C1 = 100pF, C2 = 1mF, Re =40mQ, RL1 =5Q,
RL2 = 32.5Q, as shown in Figure 3. The diode SD1 was
selected as the MBR360.

For the simulation, the TINA software (Toolkit for
Interactive Network Analysis) [12] was employed. This
program is fully compatible with the globally recognized
PSPICE software, including its libraries and operational
rules [13].

A comparison of the results obtained through
simulation to those reported in the datasheets, both
under constant load and with a step change in load, is
presented in Figure 4.

A correlation of the waveforms clearly demonstrates
that the model accurately approximates the behavior of
the real component in both static and dynamic operating
modes.

The advantages of using the proposed simulation
model for the switched voltage regulator can be
illustrated through a comparison to existing models,
although such models are relatively few in number. The
most widely used model is the LM2576ADdJ simulation
model, available on the Texas Instruments website [14].
In terms of model simplicity, its description spans 125
lines, whereas the newly proposed model is described
in only 38 lines. Regarding computation speed, this is,
of course, dependent on the hardware of the computer
used and the settings of the simulation software.
Therefore, analyzing the absolute time savings is not
meaningful. However, a relative analysis is possible.
Specifically, a simulation analysis of the circuit shown
in Figure 3 was performed on the same machine, using
the same software, and under identical conditions. The
comparison of computation times revealed that the use
of the newly proposed model resulted in calculation
times that were half of those of the analysis employing
the LM2576ADJ model from the Texas Instruments
website.

The limitations of the proposed simulation model lie
in its inability to include the thermal conditions of the

voltage regulator in the circuit analysis, as well as in the
fact that the user is constrained by the properties of the
individual simulation elements used in constructing the
switched regulator model. These limitations, however,
are general constraints inherent to the use of PSPICE
simulation software, which restricts its application in
any electrical circuit simulation. The same holds true
for the impact of component parameter tolerances on the
model’s performance.

This validation of the model enables its application
in designing circuits that extend the output parameters
of a buck converter beyond its catalog specifications.
Additionally, it leverages the significant advantages
of the regulator in the form of an integrated circuit,
including its relatively low cost, wide availability, and
high level of integration, which incorporates control,
regulation, and protection circuits for the converter.

3 Increase in the output current of a buck
converter with a switched voltage regulator

The first option involves the parallel arrangement
of separate converters with regulators. The current
division between the regulators is inversely proportional
to the ratio of their inductances, meaning that
a higher inductance results in a lower current for
the corresponding converter. When identical regulators
are used in both converters connected in parallel,
selecting the same inductance values is advantageous,
as it ensures even current distribution. Additionally, it
is beneficial to use a single common diode (SD1), two
separate summing diodes (SD2 and SD3), and a shared
feedback control (FB). To obtain simulation results, the
LM2576 switched regulator model will be employed.
Due to the limitations of the simulation (since the
oscillators of the individual real controllers are not time-
synchronized), the time course of controller U1 is shifted
by 10 us relative to controller U2. The wiring diagram of
the simulated circuit is presented in Figure 5.

The circuit parameters are as follows: L1 = L2 =
100 uH, R3 = R5 = 460 mQ, Vin = 40 V, R1 = 1 kQ,
R2 = 6.12 kQ, C1 = 100 pF, C2 = 1 mF, Rc = 181 mQ.
Diodes SD1, SD2, and SD3 were selected as MBR360.
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Figure 4 Key parameters of the converter: a) static results obtained through simulation at constant load; b) results from
the manufacturer’s datasheet for the LM2576-ADdJ at constant load; ¢) results obtained through simulation during the step
change in load; d) results from the manufacturer’s datasheet for the LM2576-ADJ during the step change in load
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The load resistors have values of RL, = 1 Q and
RL, = 1.5 Q. The main waveforms of the investigated
circuit, obtained through simulation, are shown in
Figure 6.

The results obtained from the measurements are
presented in Figure 7.

The second method for increasing the output
current of the buck converter is to incorporate
a bipolar transistor (BT) into the circuit, as shown
in Figure 8.

The total maximum allowable current of the
converter is given by the following expression:

u2
2576M Isw2 ILe R3 L2
vin |, vout t{%
w
2 2 rel— SD3
5 &
U1
T Isw1 L1 R5 L1
\IN x = N b
Wy vour A A KA
2 o SD2
3 & | load
R2
=] e 2
O vy
% cl
Vin U reg1 ZE R1
U reg2 SD1

I
|

Figure 5 Simulated parallel configuration of converters with separate regulators under a step change in load

3.00—

(8]

0.00—1

3.00—

0.00-
5.10

U Load

4.60 T

49.20m

T 1
49.60m 50.00m

Time (s)

Figure 6 Main waveforms of the parallel connection of converters with separate regulators under
a step change in load, obtained through simulation in the TINA program
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Off]
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Figure 7 Measured waveforms of the parallel-connected converters with separate regulators
under a step change in load (current scale: 1 V=1A4A)
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Iemax = (1 + hotg) Inax (1) The circuit parameters are as follows: L = 100 uH,
R3 =460 mQ, Vin = 40 V, R1 = 1 kQ, R2 = 6.12 kQ, C1
where: = 100 pF, C2 = 1 mF, Rc = 181 mQ. The SD1 diode used
I is the maximum allowable current of the regulator is of the MBR360 type. The load resistors have values of
used, RL1 = 0.6 Q and RL2 = 2 Q. The results obtained from
h,, is the current gain of the bipolar transistor. simulating the circuit are shown in Figure 9, while the
T 4 Isw 1 IL R3 L
U1 \ A @
2576M
o viN . vour A :
(S
%l % FB | load
R2 Re
RL2
+ c1 +
O vy c
Vin U reg [ZE R1
T RL1
SD1
T . . .

Figure 8 Wiring diagram of the switching regulator with output current extension using a bipolar junction transistor

20.00
I load 4
0.00
6.00—
B WMMWWWWMNMMW
4.00 ; , : ,
48.00m 49.50m 51.00m

Time (s)

Figure 9 Voltage and load current waveforms of the switched voltage regulator using a bipolar
transistor during a step change in load, obtained through simulation in the TINA program

Tek S @ Stop I Pos: -5.200us
+
AL
ff
PRty P oV P N P .

2

Dt
CH2 5.0% 1 50,0 us CH2 ./ 11.6Y

20-May-21 1734

Figure 10 Voltage and load current (blue) of the switched voltage regulator using a bipolar transistor during a step change
in load, obtained through measurement (current scale: 1V =1A4A)

VOLUME 27 COMMUNICATIONS 2/2025



C30

KOVAC, KOVACOVA

verification results, obtained from measurements on
a laboratory sample of the transducer, are presented in
Figure 10.

Based on the aforementioned considerations, it can
be concluded that both analyzed solutions are practically
applicable when an increased output current from
the converter is required. In terms of output voltage
regulation, the more effective, though costlier, option
involves using multiple regulators connected in parallel.
The simpler alternative, which employs a switching
bipolar transistor (BT), is less expensive but offers
lower output voltage regulation quality. Additionally,
due to the switching speed of the BT, this solution
is suitable only for regulators with lower switching
frequencies.

4 Increase in the output voltage of a buck
converter using the switched voltage
regulator

To demonstrate a potential increase in the voltage
and current output parameters of a switched voltage
regulator, the LM2574 regulator type [10] was chosen.
Its advantages include affordability, compact size,
integrated current limiting, and a built-in voltage
regulator. However, its limitations include a maximum
current of 0.5 A and a voltage limit of 40 V. These
limitations can be overcome by employing the circuit
shown in Figure 11 [15].

The connection is based on the integrated circuit
(IC) LM2574, which generates the control pulses for the
converter based on the output voltage, obtained from the
resistive divider R2 and R1. This voltage is compared
with the reference voltage U, = 1.23 V. According to
the datasheet, the resistance value of R1 should range

from 1 kQ to 5 kQ. The required output voltage is set by
potentiometer R2, as described by:
R2:R1<5—:§—1>. (2)
The reduced supply voltage for the regulator and
the isolated DC-DC converter (TRACO) is achieved
using a Zener stabilizer, implemented with components
R13, Z2, and C3. A similar stabilizer, formed by elements
R6, Z3, and C4, generates a 5V supply for the output
side of the optical isolator 6N137, whose input LED is
driven by the output signal VOUT from the LM2574.
Since the optocoupler inverts the signal, it must be
inverted again and amplified using transistor T5. The
resulting control signal is impedance-matched by the
complementary transistor pair T2 and T4 and passed
through resistor R12 to the gate of the power switching
transistor MOSFET (or IGBT) T1, which is dimensioned
for the required higher voltage and current. Current
limitation in the circuit is achieved using the sensing
diode D1, where the voltage across it in the closed
state corresponds to the current flowing through the
switch. This voltage triggers the opening of transistor
T3, generating a signal that corresponds to the current
magnitude on the resistor divider R7 and R14. This
signal is then connected to the ON/OFF control input of
the LM2574 regulator, which is switched off when the
voltage exceeds the threshold value of 1.4 V, as specified
in the datasheet. The allowable current of transistor T1
can be adjusted using trimmer R5, thereby ensuring
current limitation for the entire converter.
It is also important to note that DC-DC converters
can operate in two modes:
¢ CCM (Continuous Conduction Mode): The current
i,, supplied by the inductor to the load when the
switch S is open is always greater than zero.

D1 - i R4 L3
4 j ' i rreverery
li]
: 1:—
o
R7 R12
T3 = b4 -
U3 LM2574 ZS
+U' R13 2574 J_ E] RL &j
- VIN w  VOUTh- " —
+15V w U I-limt
C . S A R14f 4 _] c2 Uout
4 _L s g % FBI
i N v 7 R1
c3 Ulgen
I 1 1
_L +15V
L
R6 U1 6N137 +
TRACO VCC
~{VIN+ VOUT+}~ +5V —A VE
R15 6N137
—VIN- VOUT-IH 73 < Vi U reg_out
GND
U2 TRACO

Figure 11 Configuration of a buck DC-DC converter with the LM2574-ADdJ, extending
its current and voltage limits
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¢ DCM (Discontinuous Conduction Mode): The
current i,, is zero at certain points during the
switching period.

The mode in which the converter operates primarily
depends on the inductance value L of the inductor L3,
the duty cycle D, and the switching frequency f. The
inductance value that defines the boundary between

5

Isw

Y —
03 U I-limit

20 gen

0

20

Uout
0
80 Ureg_out
0s 200p

a)

CCM and DCM is given by the following relation for
a buck DC-DC converter [16]:

L, = (1727}7)1?’: 3)

For L > L,, the converter operates in Continuous

Conduction Mode (CCM). Based on the operational

5 Isw

0
07 U I-limit

0 M_M_AMA
20 Ugen

o LU
40

Uout

0 Ureg_out
80 -

0

0s 200p
b)

0

0
Ninininininminininin

0

60
Uout

0

[

Ureg_out
80
0

200

Figure 12 Converter waveforms obtained from the simulation in the TINA program:
a) Uout=14.3V, b) Uout=31V, ¢) Uout=58V
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Figure 13 Converter waveforms obtained through measurement: a) Uout=14.3V, b) Uout=31V, ¢) Uout=58V
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principle of the regulator, it is evident that when
using a switched voltage regulator, the duty cycle (D)
varies, which in turn alters the mode of operation
of the converter, transitioning between CCM and
Discontinuous Conduction Mode (DCM). The current
i,, flowing through the capacitor C2 induces a small
ripple in the output voltage U . To limit this ripple to
the desired value U . . the capacitance of capacitor C2

ripple’
must meet a minimum value, as given by [16]:

(1 7D)Uout

Cmin - 8Uri1‘7/)[gsz .

(4)

The waveforms obtained from the simulation in
the TINA program for three different output voltage
values are shown in Figure 12. The corresponding
measurement results from the converter circuit are
presented in Figure 13. The key component values of the
converter are as follows: Uin =80V, f =52 kHz, R1 =1
kQ, R2 = 10.62 kQ (24.2 kQ, 46.15 kQ), R4 = 360 mQ ,
L3 = 330 uH, C2 = 470 pF, RL = 11 Q. The maximum
inverter switching current has been set to 8 A.

The measured output voltage-current (V-I)
characteristics of the converter, for the output voltages
Uout = 14.3 V, Uout = 31 V and Uout = 58 V, are shown
in Figure 14.

An example of the laboratory implementation of the
described converter is shown in Figure 15. A comparison
of the results obtained from both simulation and

U

70
60

measurement demonstrates good agreement in the
waveforms, highlighting the practical applicability of
the proposed configuration. Utilizing the cost-effective
LM2574 circuit, along with the addition of several other
components, it is relatively straightforward to configure
a buck DC-DC converter capable of delivering power in
the hundreds of watts, with an output voltage that can
reach several hundred volts.

5 Recommendations for enhancing the EMC
of a buck DC-DC converter

An important consideration in the design of a buck
converter is electromagnetic compatibility [17]. From
this perspective, the most critical component is the
inductance L, implemented as a technical coil, which
serves as a source of electromagnetic emissions. These
emissions can significantly affect the operation of nearby
electrical and electronic equipment. The critical nature
of this component arises not only from the relatively high
switching frequencies but, more importantly, from the
high switching currents. This issue is clearly illustrated
in Figure 16, which shows the magnetic field generated
by both a toroidal and a cylindrical coil when subjected
to a harmonic current with an amplitude of 10 A and
a frequency of f = 52kHz.

The results of the magnetic field distribution were

V] output V-A characteristics

50

40

X

30
20

10

0

0,00 1,00 2,00 3,00

4,00 5,00

6,00 7,00 8,00
Al

= Uout=14.3V  —==Uout=31V  ——Uout=58V

Figure 14 Measured output voltage-current (V-I) characteristics of the converter
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FEMM Output

35814 Nodes
71407 Elements

Title: Cievka toroid pole.ans
Length Units: Milimeters
Axisymmetric Solution
Frequency: 52000 Hz

8.028e-002 : 8.474e-002

D b= 71366002 -7 5620.002
- 5 e 3 & e-

2D Ph;’a':hm:mh ) 6.690e-002 : 7.136e-002

= 2 H 6.244¢-002 : 6.690e-002

requency: 52000 Hz [ | 5.7986-002 - 6.244¢-002

| |5.352e-002 : 5.798e-002

34138 Nodes [ ]4.906e-002 : 5.352¢-002

68231 Elements | 14.460e-002 : 4.906e-002

3.195e-002 :
3.027e-002 :
2.858e-002 :
2.690e-002 : 2.858e-002
2.522e-002 : 2.690e-002
2.354e-002 : 2.522e-002
|| 2.186e-002 : 2.354e-002
| |2.018e-002 : 2.186e-002
|| 1.850e-002 : 2.018e-002
|| 1.681e-002 : 1.850e-002
|| 1.513e-002 : 1.681e-002
|| 1.345e-002 : 1.513e-002
| | 1.177e-002 : 1.345e-002
1.009e-002 : 1.177e-002
8.407e-003 : 1.009e-002
6.726e-003 : 8.407e-003
5.044e-003 : 6.726e-003
3.363e-003 : 5.044e-003
1.681e-003 : 3.363e-003
<0.000e+000 : 1.681e-003

Density Plot: |BJ, Tesla

>3.363e-002
3.195e-002
3.027e-002

x|

|| 4.014e-002 : 4.460e-002
|| 3.568e-002 : 4.014e-002
|| 3.122e-002 : 3.568e-002
2.676e-002 : 3.122e-002
2.230e-002 : 2.676e-002
1.784e-002 : 2.230e-002
1.338e-002 : 1.784e-002
8.920e-003 : 1.338e-002
4.460e-003 : 8.920e-003
<0.000e+000 : 4.460e-003

Density Plot: |B|, Tesla

Figure 16 Radiated magnetic field of the coil: a) toroidal, b) axial

obtained using the FEMM simulation program [18],
which utilizes the finite element method. To mitigate the
radiation, it is sufficient to shield the coil with 0.3 mm
thick aluminum foil [19]. This solution is illustrated in
Figure 17.

The simulations demonstrate that substantial
improvements in the electromagnetic compatibility
of the buck DC-DC converters can be achieved by
shielding the technical coil with 0.3 mm-thick aluminum
foil.

6 Conclusion

By comparing Figures 4a) and 4b), an overview of
the accuracy of the static parameters in the converter,
using the improved and simplified regulator model, is
obtained, showing an agreement of 95%. Similarly, the
accuracy of the dynamic parameters is assessed through
Figures 4c) and 4d), where the results demonstrate
approximately 93% agreement. This is an excellent

outcome, particularly considering that accuracy is
influenced not only by the regulator model but by the
realism of the models for the external components
(MOSFET, diode), as well.

The presented universal model of the switching
voltage regulator is based on the equivalence of its
typical properties, which significantly simplifies the
model. Unlike existing regulator models, it allows for
easy modification of individual parameters, providing
a more accurate reflection of the characteristics of the
actual components used, particularly when components
are employed multiple times in a single configuration.

Using this model, recommended configurations
of switching regulators were tested to enhance the
output power of a buck DC-DC converter. These
configurations included parallel regulator connections,
the addition of a switching bipolar transistor, and
the use of external MOSFET or IGBT transistors.
The results obtained from measurements conducted on
laboratory samples of the converters demonstrate their
practical applicability, offering low costs and compact
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Figure 17 Radiated magnetic field of an aluminum-shielded coil to a thickness of 0.3mm: a) toroidal, b) axial

dimensions. The improvement of the converter’s output
parameters is fundamentally determined by the limiting
characteristics of the external components connected
to the regulator. In the case of increasing the output
current through the parallel connection of switched
regulators, the limiting factor is primarily the number of
regulators, particularly in terms of spatial arrangement.
When increasing the output current by adding a bipolar
transistor circuit, the limitations are imposed by the
maximum output current of the integrated regulator,
the current amplification factor of the bipolar transistor,
and, ultimately, its frequency characteristics, which
must be compatible with the frequency of the integrated
regulator. However, it is important to note that even
in this configuration, the converters can be further
connected in parallel if additional current increase
is needed. For increasing the output voltage of the
converter, the proposed configuration is constrained by
the maximum allowable drain-source voltage (u,,) of
the used MOSFET transistor, its frequency parameters
(which must match the integrated regulator’s frequency
characteristics), and the power losses in the Zener
stabilizer circuit or the TRACO converter, which are

used to generate the low-voltage supply for the switched
regulator and additional logic circuits.

A significant contribution of this study is the
simulation evidence demonstrating a substantial
improvement in the electromagnetic compatibility
(EMC) of the constructed converters. This improvement
was achieved through the straightforward application of
shielding foil around the primary source of radiation -
the technical coil.
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