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Abstract – The work presents an approach for transition of 
an analog control system of a dc-dc power electronic converter, 
in particular the resonant LLC converter, to digital control 
system, using embedded microcontroller to perform the 
calculations and formation of the control pulses of the device. 
The study is verified using software simulations and a hardware 
board evaluation studies.  
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I. INTRODUCTION 
 
 Power electronic converters, in particular the switch-mode 
power-supply (SMPS) converters are used in a wide variety 
of applications, that have power requirements ranging from  
several watts in small appliances power management to 
hundreds of megawatts in industrial systems. All of these 
applications require efficient and cost-effective static and 
dynamic power regulation over a wide range of operating 
conditions. A controller closes the feedback loop around the 
switching converter and steadily controls the on/off states of 
the power semiconductor switches to achieve the devices’ 
input or output regulation. 
 Over the past few decades, digital controllers in the form 
of digital-signal processors (DSPs), microcontrollers, and 
field-programmable gate arrays (FPGAs) have seen 
extensive application in power converter controllers, high-
voltage and high-current power electronics. Usually in these 
applications the control algorithms generally due their 
sophistication operate at MHz frequencies, while the 
semiconductor devices operate at relatively low switching 
frequencies, e.g. at tens of kilohertz. A digital controller 
usually includes a standard communication block; general-
purpose ADCs (ADCs); digital I/Os; memory; and a 
processing unit (microcontroller) that handles all the 
communication, diagnostics, power management, etc. The 
verdict is that the digital controller not only regulates the 
output voltage, but also performs complex sequencing and 
monitor of key parameters like average current and power 
for the host system. 
The paper focuses on the implementation of a SMPS 
controller with the use of digital transformation and 
technology. First the techniques necessary to model the 
discrete time controller are reviewed. Then the new features 
and functions that digital control implement are discussed. 
These functions are applied to a LLC-resonant converter, 
first using a mathematical modelling, and after that they are 
verified using real hardware evaluation board, in particular 
the Texas Instruments TMDSHVRESLLCKIT Half-Bridge 

LLC Resonant DC/DC Converter with Synchronous 
Rectification. 
 

II. CONVERTER UNDER STUDY 
 
 The chosen converter for the proposed study is the LLC 
Resonant DC/DC Converter with a classical regulation 
strategy, implemented with a PID controller. Mathematical 
modeling is done with an analog controller, the modeling of 
the digital equivalent controller is verified with both 
mathematical modeling and experimental results. 
 

A. Resonant LLC converter 
 The series resonant LLC converter circuit is shown on 
figure #. It consists of a resonant capacitor, resonant inductor 
and a resonant transformer. In particular to this converter, the 
transformer leakage inductance can be used as the resonant 
inductance and in this way to element a discrete component 
from the PCB.  

 

 

Fig. 1. Half-Bridge LLC Resonant DC/DC Converter with 
Synchronous Rectification 

 However for the modeling purpose it is invariant how the 
model parameters are loaded (inductance values, 
capacitances, resistances, etc.). 
 The converter mathematical model can be directly 
expressed with the following differential equations system: 
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Where the inductance and resistance matrices are: 
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The parameters in the equations are as following: fsw(t) – is a 
switching function, representing the semiconductor 
switching, that can be expressed mathematically as 
sign(sin(ωt)); i1, L1, R1 – are respectively the current, 
inductance and resistance of the primary winding, and i2, L2, 
R2 – are the circuit parameters of the secondary windings; Lm 
and Rm are the mutual inductance and mutual resistance of 
the resonant transformer; Uin is the input supply voltage; uCr 
is the resonant tank capacitor voltage; uC0 is the output 
voltage, Cr is the resonant capacitor, and Lr is the resonant 
inductance. 
 

B. Analog compensator for the LLC converter 
 Although the resonant LLC converter output regulation 
depends on the operating frequency, which gives the need to 
convert the error voltage difference signal into frequency 
difference, which on the other hand poses some difficulties, 
it can be successfully operated using a simple PID-analog 
regulator as a controller. 
 On figure 2 is shown the PID-regulator in parallel form. 
Series and standard forms also exist, but there is no 
difference in between, only the coefficients are normalized 
due to the order of summation and multiplication of the 
terms.  

  

Fig. 2. Analog compensator – parallel PID regulator 

 However for the purpose of the digital transition the 
parallel PID-regulator will be reviewed. The transfer 
function is as follows: 
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Using time constants for the differential and integral parts, 
the equation as follows: 
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A number of ways can be used to convert the analog 
compensator to a digital one [13]. Most common are the 
Tustin, Forward- and backward-Euler method. From 
practical point of view, they differ from the sampling 
frequency and the reaction capability of the control system. 
 

C. Transition from analog to digital controller 
 There are three specific blocks that enable the digital 
controller to achieve the high-performance regulation 
requirements of an SMPS: the ADC used to sample the error 
voltage (and an associated reference point DAC), the digital 
filter that compensates the error signal, and the embedded 
pulse width modulator (ePWM) that converts the sampled, 
compensated error signal into gate-drive signals. Because 
most microcontrollers contain a communication interface, 
they can be easily configured from design software. This 
allows the design software to do the computation-intensive 
tasks in terms of modeling the system and calculating the 
appropriate coefficients and compensation of the converter. 
 From mathematical point of view the transition of the 
converter compensator begins with the discrete Laplace 
transform, using the Reverse-Euler transformation: 
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Where Ts is the sampling period of the Analog to Digital 
Converter (ADC). Then, replacing (5) in (3) yields: 
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Using mathematical simplification the equation takes the 
form: 
 

 

( )

1 2

1

2
( )
( ) 1

d d d
p i s p

s s s

s

K K KK K T z K z
T T Tu z

e z z T

− −

−

     
+ + + − − +     

     =
−

 (7) 

 
The following transfer function is able to satisfy the form of 
the equation above: 
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So, for the analog to digital compensator coefficients, the 
following relation between the analog and digital controller 
yields: 
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For example the following coefficients can be considered for 
the proportional, integrational and differential part: Kp = 200, 
Ki = 1 and Kd = 5. Using equations (6) and having a fixed 
sampling period Ts = 10 µs, this yields the following discrete 
coefficients b0 = 5·107, b1 = 1·108 and b2 = 5·107. 
 The evaluation of the parameters is done using these 
coefficients in the mathematical model. 
 

III. SIMULATION STUDIES 
 
 The proposed LLC converter system is evaluated using 
simulational studies in MATLAB/Simulink. The converter 
principle is based on the differential equations, shown in (1) 
and (2). The analog compensator is a parallel PID-regulator 
as on figure 2, described by the transfer system on (4). 
 The resonant converter has the following parameters: 
Resonant Inductor: 55 μH; Resonant capacitor 24 nF; Output 
capacitor 1520 μF; Inductance of primary coil: 285 μH; 
Inductance of the secondary winding: 0.97 μH; Primary coil 
resistance: 210 mΩ; Resistance of the secondary coil: 3.5 
mΩ; : A detailed description of the device’s circuit elements 
is given in the sources [16]. On figure 2 are shown the 
resulting simulation waveforms. From top to bottom, the 
resonant inductor current (same as the primary winding 
current), the resonant capacitor voltage and the output 
voltage are plotted. 

 

 

Fig. 2. Waveform of the LLC converter, simulated in 
MATLAB/Simulink 

It can be observed, that the transient process is smooth, 
with minimal overshoot of 300mV in the output voltage. 
Compared to the desired 12V output voltage, this yields 

2,5% overshoot. The regulator coefficients are as follows: 
Kp = 190, Ki = 1 and Kd = 4. The simulations are verified 
against a laboratory experiment. 
 

IV. EXPERIMENTAL RESULTS 
 

The hardware verification of the simulation studies is 
intended to be with circuit parametrs as close as possible to 
the ones, used in the evaluation with the mathematical 
model. The laboratory test bench is composed of a high 
voltage power supply, four-channel DSO with two 
differential probes – one for the resonant capacitor voltage 
and one for the output voltage, along with a current probe, 
for the resonant current measurement. An electronic load is 
connected to the output for fine tuning of the output load and 
the device is galvanicaly split from the mains supply for 
more accurate and safe measurements.  

The evaluation module used is the Texas Instruments’ 
MDSHVRESLLCKIT Half-Bridge LLC Resonant DC/DC 
Converter with Synchronous Rectification which 
intentionally has the same circuit parameters, as those, 
loaded in the simulation model above. The regulator is 
realized using program software, using a microcontroller 
Piccolo F27038 on a controlCARD (as branded by Texas 
Instruments) with the developed software libraries for digital 
power control. The control algorithm is based on the transfer 
function (7), with the discrete coefficients yielding: b0 = 
0.32, b1 = -1.45 and b2 = 1.3. Please take a note, that these 
coefficients are in fixed point arithmetic, more precisely 
fixed point format Q26, which is described in detail in [16]. 
Those are also normalized against the analog-to-digital 
converter as should be done, according to [17] and [18], and 
then they are fed to the digital compensator programming 
routine. The ADC, with which the microcontroller is 
equipped is 12-bit with two sample and hold blocks for 
simultaneous sampling and up to 13-channels, which can be 
multiplexed. 

The experimental waveforms are acquired on the figure 
3, with a trigger level of the output voltage at 2V and a 
acquisition window of 5 µs.  

 
  

  

Fig. 3. Waveforms of the transient process of the LLC Resonant 
DC/DC Converter taken with Digital storage oscilloscope 

On the figure from top to bottom are the following 
signals: the resonant current (2, blue), the resonant capacitor 
voltage (3, purple) and the output voltage (1, dark yellow). 
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As it can be observed the waveforms are similar to the ones 
produced by software simulation. The overshoot in this case 
is around 240 mV, according to the accuracy of the 
oscilloscope, which yields a 2% overshoot of the output 
voltage. 

 
II. CONCLUSION 

 
 An approach for transition of an analog control system to 
digital one was presented by the work, using a dc-dc power 
electronic converter, in particular the resonant LLC 
converter. An embedded microcontroller was used to 
perform the calculations and formation of the control pulses 
of the device. A detailed procedure from transition from 
continuous transfer function to a discrete one was presented, 
alongside an example to convert from the continuous 
coefficients to discontinuous. The study was verified using 
software simulations and the tuning of the compensator 
yielded a smooth aperiodical transient process, with an 
overshoot of no more than 3%. A hardware board evaluation 
studies were conducted, using digital compensator with the 
calculated coefficient from the simulation ones. The 
resulting waveforms pose a good match between the 
simulation and hardware experiments. 
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