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Abstract—This paper presents an optimal gain-scheduling fuzzy PI controller applied to an AC-
DC discontinuous conduction mode (DCM) flyback converter to achieve a high performance
electrolytic capacitor-less LED driver with high efficiency and high power factor. The proposed
system consists of seven Pl controllers for seven different load currents which are designed
based on Particle Swarm Optimization (PSO) algorithm. By using the obtained data, a fuzzy
system is trained to give suitable Pl gains for any load condition. Employing the proposed
controller significantly improves the peak-to-average ratio of the output current to 1.05 while the
LED driver reaches to a high power factor of 90.8% and its input current THD is equal to
11.88% meeting the IEC 61000-3-2 class C standard. Keywords—flyback converter; electrolytic
capacitor; fuzzy PI controller; PSO algorithm; peak-to-average ratio; THD; power factor.

1. INTRODUCTION

Due to the growing popularity of LEDs in brightness systems, designing appropriate control
methods to improve the performance of LEDs is essential. It should be noted that LEDs are
sensitive to their driving current changes and thus this limits their lifetime. Any increment in the
output current ripple increases the peak-to-average ratio of the output current [1]. Therefore,
control methods have to limit the ripple of output current. On the other hand, electrolytic
capacitors used in LED drivers are another reason to reduce the lifetime of these types of lamps
[1], [2]. Table I demonstrates three types of capacitors and their lifetime, indicating the lower
lifetime of electrolytic capacitor in comparison to the other types [3]. Thus, to increase the
lifetime the electrolytic capacitors should be reduced or eliminated. However, this will increase
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the ripple of output current. The power factor is another important characteristic in designing of
LED drivers. Higher power factor is more favorable. In [4], by injecting odd harmonics into the
input current a method is presented to decrease the storage capacitance and reach to a desirable
power factor. Although, the power factor is decreased from 1 to 0.9, the storage capacitance
declined by 65.6%. To this end, the presented topology has two-stage converter which consists
boost converter for correcting power factor and flyback converter. However, the amplitude of the
third harmonic current in this method is higher than the IEC 61000-3-2 class C standard [5]. In
[1], by extending the method in [4] the electrolytic capacitor is fully eliminated and it is shown
that the peak-to-average of output current becomes 1.4, while keeping the power factor more
than 0.9. In order to increase the lifetime of LED drivers which can be achieved by eliminating
electrolytic capacitors and at the same time guarantee reaching to a desirable peak-to-average
ratio and power factor using adaptive controllers are essential. One of these controllers is the
combination of fuzzy system and Pl controller presented in [6]-[8]. In [6], by using error and its
variation is utilized as the inputs of a rule base fuzzy system. The optimal ratio between these
two inputs is derived by using genetic algorithm. Then, the fuzzy system determines the
parameters of the PI controller adaptively. In [7], a robust fuzzy PID controller is presented to
control a PWM based DCDC buck converter. The rule of fuzzy system is considered such that
the maximum overshoot and steady state error are decreased significantly. Meanwhile, the
method does not need the linearized model of the converter. A fuzzy logic controller based for
maximum power point tracking (MPPT) is proposed in [8] for a DC-DC SEPIC converter. It has
been shown that the proposed fuzzy logic controller has superior performance in comparison to
the conventional PI controller. In this paper, a fuzzy PI controller, which leads us to an optimal
gain-scheduling PI controller is proposed for AC-DC DCM flyback converter. Meanwhile, the
proposed topology is a capacitor-less one-stage converter, which significantly decreases the
complexity, and at the same time increases the lifetime of the system. At the beginning, seven Pl
controllers are designed for seven different output load currents, using PSO algorithm. Each Pl
controller is designed to minimize the output ripple for the each corresponding load current.
Then the fuzzy system is trained by the achieved data which then it can calculate the suitable
coefficients of PI controller for any output load changes. The proposed fuzzy PI controller is able

to mitigate the output current ripple significantly in a wide range of load variations. Meanwhile,
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simulation results indicate significant improvement in performance by using the proposed driver.
Comparing with [1], by using the proposed driver the maximum peak-to-average ratio of output
current in the whole range of load variations is decreased significantly from 1.4 to 1.05. It should
be noted that, even by eliminating electrolytic capacitor, the system has reached to high power
factor and high efficiency equal to 90.8% and 87.26%, respectively. Meanwhile, the THD of the
input current follows the IEC 61000-3-2 class C standard.

TABLE 1. The three types of capacitor and their property

Type slngét(l:‘o eu?l) Available range
Electrolytic < 18,000 1 uF ~ 15 mF

Polyester Film > 100,000 10 pF ~ 400 pF
Ceramic > 50,000 1 pF ~ 10 pF

2. PRELIMINARIES

The flyback converter is utilized in this paper due to its simple structure which consists of just
one single switch, and self-power factor correction property in DCM mode, making it suitable
for medium power LED drivers. Thus, this single stage converter can correct the power factor
and convert the input voltage to the desired output voltage. In addition, working in the DCM
mode needs a smaller transformer and provides faster transient response while the primary and
secondary winding currents have triangular waveforms [9], [10]. By selecting the system
parameters which include the minimum and maximum input voltage, efficiency, output power
and switching and line frequencies, the DCM flyback converter can be designed. Firstly, the
maximum input power, DC link capacitor, and minimum DC input voltage are calculated based

on Egs. (1)- (3), respectively, as follows:

> Pout
Pin,.... = —"2%
n
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Cpc = @ Ping,,,

Pi 1-d
VDCmin - \/ZVacz _ Mmax ( charge)

Cpc fline

where are the input and output power and 7 is the efficiency. C and dcharge are the DC link
capacitor and its charging duty ratio, typically around 0.2, respectively. « is the coefficient equal
to capacitance per watt of input power which is equal to 2- 3 for the input voltage between 85 V
and 265 v . On the other side, the maximum DC input voltage can be estimated according to (4)

when the capacitor peak charge voltage reaches the peak of the AC input voltage.
3. PSO Algorithm

PSO algorithm is a kind of optimization algorithm evolved from society of birds which is simple
and high accurate in reaching the goal (minimization of the amount of errors). It is started with a
population of random solutions. Then, by updating the generation, the system searches for the
best solution. In each iteration, the new location of particles is dependent on the position and the

velocity of a particle weighted in the program [11]. The new position and velocity are given by:

VES = Wik 4 G ri(pest) — X7) + €y r2(Gbest* — x¥)

 fadet D (F 8 (ad
where V1 [1 and X® éN are the velocity and location of the ith particle until kth iteration, W is
weight parameter and €< and Csl are weight factors. r1 and r2 are two random numbers
uniformly chosen in [0,1]. Pbestén and Gbestén are the best position of the ith particle and the

group until kth iteration, respectively. Here, the PSO algorithm is used to estimate the best
coefficients of the PI controller for different loads by using a defined cost. Then, the obtained

coefficients are used to tune the fuzzy algorithm.
Fuzzy System

Two single input single output fuzzy systems are adapted here to control the driver with the

obtained coefficients from the previous step. The specifications of the fuzzy systems are: fuzzy
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rule base: Mamdani; inference engine: product; fuzzifier and defuzzifier: singleton and center

average, respectively. The output of the fuzzy system is as follows:

M
Z{Vi1 !

where y= [ is the vector of the centers of output membership function, w( is the degree of input
membership functions and M is the number of applied rules. The output current of the LED
driver is fed to the fuzzy systems as their input to generate suitable coefficients for the PI
controller. By defining the best cost using the optimized coefficients of the PI controller, y=¥
can be calculated through the PSO algorithm. Therefore, by calculating the degree of input
membership functions according to the output current and the optimized y=¥, suitable

coefficients of Pl controller can be calculated.
4. PROPOSED METHOD, SIMULATIONS AND DISCUSSIONS

The flyback converter is designed in DCM mode while the designed topology parameters are
shown in Table Il. In order to improve THD, the ratio of switching frequency and signal
frequency is chosen multiple of 3 [12]. The signal frequency after the diodes of the bridge is
equal to 120 Hz and the switching frequency is chosen 25.2 KHz. In order to improve removing
higher harmonics transported to the input source and consequently results in a better THD an
input filter is designed. Due to the THD of the input current and the range of its harmonics, the
inductor and the capacitor of the input filter are selected 1 mH and 1 pF, respectively. The
proposed topology is shown in Fig.1. For this system the variation range of the output current is
considered between 200 mA to 700 mA. Then, by dividing the interval between 300 mA to 600
mA into seven points, seven Pl controllers designed for the different currents as explained. Each
Pl controller is designed to minimize the output current ripple corresponding to each of these
seven currents. To this end, the integral absolute error between the desired and actual voltages is
considered as the cost function. To minimize this cost function, which is a nonlinear optimization

problem, PSO algorithm is used. The optimal K[ and K[ corresponding to each PI controller
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obtained using PSO algorithm are shown in Table Ill. It should be noted that the number of
iterations, the number of populations and the range of gains are considered 100, 20 and [-2,2],
respectively. Now, in order to have a gain-scheduling PI controller two Mamdani-type fuzzy
systems as in (16) are considered to give K1 and K[, respectively for any load condition. The
first and the second columns in Table Il are used as a training set for the first fuzzy system.
Similarly, the first and the third columns in Table Il are the training set for the second fuzzy
system. For each fuzzy system y(0)([] is assumed free and derived using PSO algorithm in order
to minimize the error between the desired and the actual values. The triangular input membership
functions are used to partition the interval between 200 mA to 700 mA. The number of input
membership functions or correspondingly the number of rules is assumed differently for each
number of input membership functions the training is accomplished. Fig. 2 and 3 demonstrate
that for both fuzzy systems four is a suitable choice as the number of input membership
functions. Fig. 4 shows the input membership functions with the centers demonstrated in Table
IV. Table V, shows the optimal centers of output membership function, derived by PSO. Now,
the input of fuzzy systems is the output current and their outputs are K[ and K] of PI controller,
respectively. The flowchart of the proposed control method is shown in Fig.5. Applying the
proposed controller for the maximum output power in 128 Q of output load, the RMS value of
the output current and its peak value will be 625.5 mA and 657.5 mA. Thus, the peak-to-average
ratio of output current will be 1.05. This results a significant improvement in comparison to [1].
Fig. 6 depicts the output voltage and output current of 128 Q output load. Since the flyback
converter is in DCM mode, Fig. 7a shows the primary current and Fig. 7b shows the secondary
current of the transformer. The input voltage and the input current are shown in Fig. 8.
Considering Fig. 8, the power factor and the THD of the input current is equal to 90.8% and
11.88%, respectively. The harmonic spectrum of the input current is shown in Fig.9. It can be
seen that the THD follows the IEC 61000-3-2 Class C standard. Meanwhile, the efficiency of

system is 87.26% which is satisfactory.
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TABLE II. The system parameters.

Input Voltage 220 [Vime]
Qutput Voltage 80 [Vems]
Qutput Power 50 [w]
Line frequency 60 [Hz]
Switching frequency 25.2 [KHz]
Inrush Resistor 30 []
Input Filter Inductor | [mH]
Input Filter Capacitor 1 [[F]
Turns ratio 2
Primary Inductance 1.086 [mH]
Output Filter Capacitor 200 [WLF]
. D R S R
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Fig.1. The proposed topology.
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Fig.2. The cost of estimating the K, by PSO algorithm.
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Fig.3. The cost of estimating the K[ by PSO algorithm.
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Fig.4. The input functions of fuzzy algorithm.

TABLE IV The conter of input membership functions of fuzzy systems

Center of input

Input membership
membership function (A)

function number

03

04
0.5
06

-

S P

I'he optimized center of output membershp functions of fluzzy

TABLE V
syslems
Qutput Optimized center of | Optimized center of
membership output membership | output membership
function fanction of function of
number K, K
| 0.0030 06131
2 0 0025 0.9206
3 0.0023 10135
R 0.0021 1.0698
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In order to study the robustness of the proposed controller in sudden output load variations, the
output load changes abruptly from 210 Q to 128 Q at t = 0.15 s. It can be seen form Fig. 10a that
the controller can keep output voltage to its desired value with satisfactory performance. Fig. 10b
shows that the output current has increased rapidly to keep the output voltage to its desired value.
It should be noted that in the whole of this process the peak-to-average ratio of output current is
equal or lower than 1.05. Unlike the classical PI controller, the proposed controller can control

system for sudden output load variations and keep the peak-to-average ratio in acceptable level.

Qutput Voltage (v)

o oon n. ] Q15
Time (s)

(&)

Qutput Curent (A)

Tme (s)

(b)

Fig.6. The output waveforms for 128 Q output load. (a) The output voltage. (b) The output

current
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Fig.7. The waveforms of current of transformer. (a) The primary current. (b) The secondary

current.
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5. CONCLUSION

his paper presents a method for controlling the output current of a LED driver. The lifetime of
LED drivers is highly limited by the ripples in the driving current. In this paper, by eliminating
the electrolytic capacitors the lifetime of the driver is significantly increased. However, this
increases the ripple in output current which consequently increases the peak-toaverage ratio. In
order to cope with this drawback, an optimal fuzzy PI controller is proposed to keep the value of
the peak-toaverage ratio of output current in a desired level. To this end, the PSO algorithm is
used to derive the optimal parameters of seven Pl controllers for different current load
conditions. The derived data are used to train a Mamdani fuzzy system using PSO algorithm.
The trained fuzzy system can calculate values of K[ and K1 of the main PI controller and it can
control the system for different output current in range of 200 mA to 700 mA. The proposed
controller is able to cope with sudden load changes and keep the peak-to-average ratio of output
current on 1.05, that it is closer to ideal value. Meanwhile, the power factor of input current
becomes 90.8%, the THD of input current is 11.88%, and the efficiency of the system reaches to
87.26% which all are satisfactory under IEC 61000-3-2 Class C standard.
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