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Abstract — This paper presents a new hybrid dual-
loop control system for the DC/DC LLC resonant
converter, operating as a downstream DC/DC converter
in a two independent stage offline LED driver. The
outer loop employs a PI controller to maintain the
average LED current regulated at the reference value
and reject parametric variation. The inner loop
implements an adaptive periodic disturbance rejection
(APDR) subsystem, thus conceiving the hybrid PI&KAPDR
controller. The APDR subsystem is designed to strictly
reject the bus voltage ripple and limit its transmission
to the LED current. Experimental results show the
proposed controller feasibility in achieving good tracking
behavior, reduced output current ripple under different
bus voltage ripple amplitude and frequency, robustness
against parametric variations, and simple implementation
and design. For the sake of completeness, the proposed
PI&APDR is compared with the conventional proportional
resonant controller employing experimental results and
extra analysis based on simulations.

Keywords — Current Ripple reduction, Dual-loop
control, Hybrid control, LED driver, LLC resonant
converter.

I. INTRODUCTION

Artificial lighting systems (ALS) have been widely
discussed in the literature, where currently, light-emitting
diodes (LED) are accepted as the most efficient, flexible,
and reliable electric light source [1], [2]. Owing to the
LED output light direct relationship with its forward current,
and its voltage source electrical behavior, combined with the
necessity to present a regulated average current to perform
dimming and reduced current ripple to avoid flicker [3],
the LED driver has to be designed as a current-controlled
system to properly supply the LED load [4]. For high-
performance medium-to-high power (>70 W) applications,
offline LED drivers are usually implemented by a two
independent stage structure, given by the AC/DC front-end
power factor correction (PFC) stage followed by a DC/DC
current controlled converter with isolated output, where a DC-
link capacitor (Cpys) decouples both stages [5].

Among several topologies, the half-bridge (HB) LLC
resonant converter with full-wave rectifier is becoming the
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usual choice to implement the DC/DC stage in the offline LED
driver because of its characteristics, which provides a wide
operating range with high efficiency, together with the high
power density and low EMI [6]-[10]. Besides, LLC features
also match with the amplitude modulation (AM) dimming
method, usually employed in medium-to-high power due to its
simplicity in comparison to pulse-width modulation (PWM)
dimming method.

To enhance the offline LED driver reliability, the Cpyg
bulky electrolytic capacitors (E-Cap) are being substituted by
long lifespan film capacitors (F-Cap) [1], [11]. However,
usually reduced capacitance values are employed to avoid
volume and cost increases due to the low energy density
of F-Cap, which causes the negative effect of producing a
higher bus voltage ripple (AVpys). To avoid that AVpyg
excite throughout the DC/DC stage a low-frequency (LF)
output LED current ripple (Al gp) and so deteriorate the ALS
operation due to the resultant flicker, several studies propose
to design the control system of the DC/DC stage in the way to
satisfactory reject AVpyg disturbance [12], [13].

Employing classical control theory, in [14] the Integrator
Quasi-resonant (IQR) controller is designed for the LLC LED
driver to achieve reduced Al gp over a wide dimming range
even with a considerable AVpy s at 120 Hz. Similarly, in [15] a
proportional-integral resonant (PIR) controller is employed to
suppress the LF output current ripple (Alp) in an LLC based
electrical vehicle battery charger. Investigating the mechanism
of Alp propagation in a digitally controlled LLC converter,
in [16] the synchronous frequency dither is proposed to
reduce the quantization error and attenuate Alp. Without
compromise with Alp reduction, a three-pole two-zero (3P27Z)
controller is designed in [17] and [18] to assure stability
and good performance for the LLC converter over a wide
operation range. Notwithstanding, all these approaches based
on classical control theory are subjected to an unpredictable
and deteriorated performance when the converter is exposed
to a wide operating range, since linear controllers, such as
Proportional-Integral (PI), IQR, PIR, 3P2Z, and PID are only
valid near a particular operating point due to limitations of the
employed small-signal models [19].

To overcame small-signal model limitations, nonlinear
controllers have been proposed in the literature presenting
strong robustness against disturbances,  parameters
uncertainties, parametric variation, unmodelled dynamics,
and load variations. Specifically, to control the DC/DC
LLC converter, sliding-mode control is proposed in [20],
bang-bang control in [21], robust control in [22], model
reference adaptive control (MRAC) in [23], and optimal
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trajectory control in [24]. To improve the nonlinear
controllers’ performance in rejecting periodic disturbances,
the adaptive periodic disturbance rejection (APDR) controller
has been developed for active noise and vibration control
applications [25]-[27]. Nevertheless, compared to the linear
compensation, the nonlinear controller’s performance is still
undesirable either in terms of dynamic response or steady-
state or Alp reduction. Besides, these nonlinear techniques
usually require further computations to be carried out during
the control-law execution cycle, or the computations need to
be done at the converter’s switching frequency (f5,,), which
is usually high (>100 kHz) in resonant power converters.
Therefore, a high-performance microcontroller (MCU) is
required, increasing the cost considerably and rendering it
impracticable for LED drivers where simple implementations
are desired.

As a conclusion of the previous exposition, the main
challenge on current-controlled LED driver conception is
the design of a stable control system that is capable of
regulating the LED average current ([ppp) over a wide
dimming range, attenuate LF (< 120 Hz) Al gp excited by
AVpys, and provide to the driver a transient response with
a reduced overshoot to avoid electrical stress in the LED,
and a short settling time (< 100 ms), preserving overall
a simple implementation simultaneously. However, it is
well-known that the PI controller presents both simplicity
and a prominent capability in tracking a DC reference,
but a limited loop gain at different frequencies diminishes
its capacity of rejecting periodic disturbances [28]. On
the other hand, APDR controllers have strong robustness
against different disturbances and unmodelled dynamics at
the expense of being a more complex system [27], [29].
Therefore, combining the advantages of both PI and APDR
controllers, this paper proposes a novel hybrid dual-loop
controller, namely PI&APDR control, proper for the DC/DC
stage of the offline LED drivers where a low Al gp and DC
regulation is required. The outer loop employing PI controller
is responsible for regulating I;pp over a wide operating
range and for dictating the transient performance of the
whole system. The inner loop subsystem employs an APDR
controller being strictly responsible for attenuating Alrgp
regardless of AVpys amplitude and frequency. Nevertheless,
seeking a solution that presents robustness at the same time
that preserves simplicity, the APDR subsystem is simplified as
much as possible, making it possible to be implemented with
a low-cost MCU.

Finally, as will be demonstrated, the proposed PI&APDR
controller overcomes the aforementioned main challenges on
the current-controlled LED driver conception. Thus, the
PI&APDR controller structure proposal, together with its
analysis, detailed design, and experimentation, are the main
contributions of this paper, respectively described in the
remaining sections of this manuscript.

II. PROPOSED HYBRID CONTROLLER ANALYSIS

Figure 1 shows the LLC resonant converter circuit diagram
with a high-level representation of the proposed control
system, operating as a downstream DC/DC converter in a two
independent stage LED driver. The instantaneous LED current
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irep(t), and bus voltage vpys(t) are sampled by the MCU
and fed into the PI&APDR controller, being the desired I1gp
defined by the reference r[k]. Inside the MCU, control action
u[k] throughout the digitally controlled oscillator (DCO) and
digital PWM (DPWM) module determine the modulated HB
fsw, which signal feeds the HB gate-driver. Besides, in
comparison with classical solutions, no additional sensors
are necessary to implement the PI&APDR controller because
vpys is usually measured to perform the PFC stage control.
Finally, as can be seen in Figure 1, since the focus of this
work lies on the control system of the DC/DC stage, the PFC
stage is not here implemented, being vgys(z) emulated by a
voltage source. It is important to highlight that the PI&APDR
controller does not have the function of controlling vgys.

Figure 2 shows the PI&APDR controller scheme. The outer
loop employing a PI controller is responsible for regulating
Irgp over a wide operating range and for dictating the whole
system’s transient performance. Besides, the PI is accountable
for ensuring robustness against parametric variations. The
inner loop, adopting a simplified adaptive controller, is
strictly responsible for attenuating Al gp regardless of AVpys
amplitude and frequency fay. Differing from the conventional
dual-loop, where the outer loop usually sets up the reference
for the inner loop, in the proposed PI&APDR, each loop
produces a control action aiming to carry out its task. So, two
decoupled components made up the LLC converter control
action ulk], the PI up;[k] and the APDR one uapglk].

During the offline LED driver operation, the LLC resonant
converter shown in Figure 1 is subjected to parametric
variations (Vpys, and filter components), periodic bus voltage
disturbance which is given by AVpys, and load variation due to
the AM dimming. Besides, for an LED driver with universal
input voltage, fay ranges between 100 — 120 Hz £ 10%.
In this way, considering the internal model principle (IMP)
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Fig. 1. Circuit diagram of the LLC converter implementing the

DC/DC stage of an offline LED driver.
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iLED [k]
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Fig. 2. General overview of the proposed hybrid dual-loop based
control scheme for LLC resonant converter.
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that establishes that the controller should include a model of
the disturbance, it can be stated that the control action ul[k]
required by the LLC converter to track the output DC reference
and reject AVpys as well as reject parametric variations, will
present a DC component summed to a periodic signal with
the same frequency of the disturbance. Therefore, assuming
a sinusoidal periodic disturbance, in steady-state u[k] is given
by (1), where T; is the digital controller sampling period, and
A and B are constant values.

ulk] = A+ Bsin(27 fay kT, + 9). (1)

Translated into frequency domain analysis of the loop gain
T(s), the Bode Diagram for PR, PIR, or IQR compensated
loop-gain T (s) presents a high DC gain and a high gain (>30
dB) around fry. Phase and gain margins and the crossover
frequency are adjusted to achieve an acceptable dynamic
performance. Unfortunately, as it will be shown, one single
linear PR, PIR or IQR controller designed to accomplish these
guidelines will present a poor performance when the converter
is subjected to a wide operating range. The performance is
even worse when parametric variations are taking into account.
In fact, considering the resonant-based controllers, there is a
trade-off between stability margin gains and Al rejection for
fav variation, where a better Alp rejection results in a smaller
phase margin [15] and vice-versa. Besides, it is impossible to
overcome this issue in the design step due to the limitations
of the small-signal models for the LLC converter considering
operation beyond the series resonance [19]. Notwithstanding,
it should be noted that the expression given by (1) remains
valid. The problem is due to the difficulty of linear controllers
to properly generate the signal in (1).

However, employing the proposed PI&APDR controller to
generate (1), an enhanced controlled current can be achieved
since the DC reference tracking is decoupled from the ripple
attenuation action, allowing each loop to be optimized in
terms of robustness and performance. Thus, the DC tracking
decoupling from periodic disturbance rejection, together
with the PI and APDR subsystems analysis and design, is
highlighted as the main contribution of this paper.

A. PI Controller Subsystem Analysis and Design Guidelines

Assuming that the inner loop is fully functional in rejecting
the sinusoidal AVpys, and assuring that the outer loop
crossover frequency is a decade below fay, the inner loop can
be omitted during the outer loop analysis and design since it
does not affect the DC regulation. Hence, the outer loop is
designed following the classical frequency-response method,
which is based on the analysis of the compensated loop gain
T(s).

The outer loop has to track irgp DC reference in the
LLC resonant LED driver, as well as to reject dynamic and
parametric variations, and so theoretically achieve zero steady-
state error. Therefore, a PI controller will be employed
in the outer loop. The PI compensated loop gain can be
easily adjusted to present mathematically infinite DC gain
and increased phase and gain margins. High gain and phase
margins will improve the controller robustness against the
converter dynamic and parametric variation. The mentioned
dynamic variation can occur due to parametric variations
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and also because of the converter wide operating range to
supply the LED load with different current levels to perform
dimming. Besides, this dynamic variation is also affected by
the resonant converter strong non-linearity, highlighting the
necessity of a robust system. On the other hand, since the PI
is not responsible for compensating the periodic bus voltage
disturbance at f)y frequency, no requirements are imposed to
the PI compensated loop gain around fay .

Taking into account the IMP and considering the reference
and parametric variation as step signals, the outer loop control
action will then be a DC signal under steady-state operation,
providing the DC term in (1). Besides, to avoid interaction
with the inner loop, the PI compensated loop gain has to
present a crossover frequency below fay, which demand a low
gain at fay. These design guidelines will stamp to the outer
loop a dynamic that follows a first-order behavior avoiding
electrical stress in the LED load that otherwise could be caused
by overshooting. In order to elucidate the outer loop design,
further details are presented in next section.

B. APDR Subsystem Analysis and Design Guidelines

Figure 3 shows the detailed block diagram of the proposed
PI&APDR controller; further details of the APDR subsystem
will be described later in this section.

As aforementioned, the inner loop is strictly responsible
for the periodic AVpys disturbance rejection. Assuming a
sinusoidal AVpyyg, it is known from the IMP that a sinusoidal
component should appear at the control action to reject this
disturbance. Indeed, the inner loop function is intended to
generate this sinusoidal component. Nevertheless, since the
AVpys can present different frequencies due to the universal
input voltage, different amplitude depending on PFC topology
and output power, and its rejection also depends on the LLC
converter dynamic, a versatile and robust inner loop must be
developed. To tackle this task, a robust APDR controller is
employed to implement the inner loop.

Therefore, under steady-state operation, the inner
loop has to generate a control action given by (2).
Alternatively, usppg[k] in (2) can be rewritten by (3), wherein
Viin[k] = Visin(2rfaykTy) and Veos[k] = V.cos(2m faykTy)
are respectively sine and cosine signals with frequency fay,
and V; and V, amplitudes; and, O, [k] and O0s[k] are constant
values under steady-state operation, which will define B and
phase ¢ of uappgrlk] in (2). Defining the vectors in (4), the
APDR control law can rewritten by (5).

UAPDR [k] = Bsin(anAvaS + (P) 2)
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Fig. 3. Proposed hybrid dual-loop PI&APDR controller scheme for
LLC resonant converter.
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UAPDR [k] = 6sin [k} Vsin [k] + Bcos [k] Veos [k] 3)
07 [k = [ Ounlk] Beoslk] ] (4a)
VIk = [ Veinlk]  VeosIA] ] (4b)

uappr[k] = 6" [K]V[K]. ®)

Since uapprlk] and AVpys must have the same fay, and
being the frequency of uappglk] function of Vg, [k] and Vees k],
it is reasonable to derive these sine and cosine signals from
vpus. Therefore, as can be seen in Figure 3 the sampled
vpus|k] signal is filtered by a digital band pass filter (BPF) with
the aim to extract the sinusoidal fundamental AC component
(vgaclk]) from AVgys. Following, vpaclk] is then defined as
Viin[k], and Vs[k] is obtained from Vy;, [k] differentiation. With
Vsin [k] and Veos [k] known, the required control action usppg k]
to reject AVpys can be defined by properly determining 6gi, [£]
and O.os[k]. Actually, Og,[k] and O.os[k] correspond to the
automatically adapted parameters of the APDR subsystem.

To determine these adapted parameters, a gradient
automatic parameter estimation algorithm is designed due to
its simplicity [29], [30], given by (6). Where « is a design
constant, that dictates the automatic parameters adaptation
speed; e [k] = y[k] — r[k] is the APDR tracking error, wherein
y[k] is the measured LED current izgplk], and r[k] the I gp
reference; and, m?[k] is a function used to add robustness to
the APDR controller. The function m?[k] is expressed by (7),
whose outcome is always > 1. The main purpose of m?[k]
is to stop the sharp variation of @ due to abrupt changes in
uspprlk], y[k], or v[k], thus adding robustness to the APDR
subsystem [29], [30].

Ok+1]= 0k — Oif[lk[]"]v[k] ©)
m?[K] = 1+ uzppg K] + ¥ [k] + V" [K]v[K]. (7

Now, with 6y [k] and .0s[k] also defined, the control action
uappr|k] is easily determined by computing (5).

The inner loop design corresponds precisely to the
definition of & constant, highlighting its simple design. The
BPF parameters, and the vgsc decomposition algorithm, are
the same regardless of the switched converter topology used
in the PFC stage. Besides, it can be noticed that the proposed
controller presents a simple structure when compared to
reported APDR controllers since only two parameters are
adapted (6iy, B.05), and no parameters estimator is required,
thus making it possible the use of low-cost MCUs and
highlighting its simple implementation feature.

III. PI&APDR DESIGN EXAMPLE

Table I shows the LLC LED driver parameters. To design
the resonant tank elements, the procedure detailed in [31]
has been employed. Analyzing Table I, it can be noticed
that the converter is designed to operate with a variable Vpyg
ranging between 360 V and 420 V, and a variable output
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TABLE 1
LLC Resonant LED Driver Parameters

Parameter Designator Value
LLC LED driver design specification

Nominal DC input voltage Vsus 400V
Minimum DC input voltage VeusmIN 360V
Maximum DC input voltage Vus.max 420V
Bus voltage ripple frequency Jav 100 — 120 Hz
LLC series resonant frequency fo 100 kHz
LLC converter output power Po 15—-100 W
ADC sampling period T 25 us

Designed LLC LED driver resonant converter
Average LED current range Iiep 02—-1.15A
Average LED voltage Viep 80.4—-873V
Resonant capacitor Cs 12 nF
Resonant inductor Ls 211 uH
Magnetizing inductance Ly 633 uH
Output capacitor (Film capacitor) Co 10 uF/100V
Transformer turns ratio (n) Np/Ng 2.29
Half-bridge power MOSFETs S1-S2 STD10NM60ON
Output rectifier diodes D,-D, SB3200TA

current to perform dimming at least between 100% and 20%,
which corresponds to the reference dimming range for outdoor
applications established in [32]. Regarding the LED module,
three BXRC-50C4000-F-04 devices are connected in series
[33]. The LED module piece-wise-linear equivalent circuit
[34] presents a series resistance of r; = 6.28 Q and a threshold
voltage of V;;, =80 V.

A. PI Subsystem Design

As aforementioned, the PI subsystem design is based on
the frequency-response method. Therefore, it is necessary
to define the transfer function (TF) that relates the converter
output (irgp) with their control action (f5,), denoted as Gp(s).
Furthermore, as can be seen in Figure 1, to avoid the aliasing
effect on the digital system, as well as to protect the MCU
ADC module, the measured i gp is filtered by a low pass filter
(LPF), whose TF is defined as H;(s). So, to consider the LPF
dynamics during PI design, the uncompensated loop gain 7 (s)
will be given by Gp(s)H;(s).

As a practical rule, the ADC sampling frequency fy = 1/7;
is usually selected to be 10 times faster than the highest
crossover frequency of interest, and the LPF bandwidth is
commonly designed to be lower than 1/2 of the f;. Thus,
fs =40 kHz is selected in order to be able to assess different
controllers with a cut-off frequency lower than 4 kHz while
keeping the same experimental setup. In this way, the LPF is
implemented through the Sallen Key topology, with a cut-off
frequency of 15 kHz, a quality factor of 0.5, and a damping
ratio equal to 1, yielding in (8).

1-10'°
(s+1-10%)2

Given the parameters in Table I and considering the
nominal operating conditions, the modeling procedure
presented in [14] has been employed to obtain Gp(s). Now,
taking into account H;(s) and the Gp(s), and neglecting the
high-frequency right half-plane zero, and poles and zeros
higher than the f;,,, a nominal sixth-order system is obtained
for T (s) = Gp(s)H(s), given by (9).

Hi(s) = (®
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(524 1.594-10%s +9.973 - 108)
1 1010
(524 1.346- 1055 +2.453 - 1011) (s 4 105)2°

T(s)=

9

Even though the controller will be digitally implemented,
the design of the PI controller is performed employing the
well-established frequency-response method. However, since
frequency-response methods do not apply to the z plane,
the w transformation is employed, which transforms a TF
in the z plane into that in the w plane [35]. Afterwards,
conventional frequency-response techniques can be used in
the w plane. Therefore, based on the procedure presented
in [35] (pg. 234) , firstly T(s) is discretized with a zero-
order hold (ZOH) considering f;. In the next step, to model
the transportation time and obtain a strictly proper TF for the
controller, the unit delay (z71) is added to the TF in the z plane
(T (z)). Subsequently, using the bilinear transformation, T'(z)
is converted into a rational function in the w plane, yielding
the uncompensated loop gain 7 (w). In this procedure, the
ADC gains are neglected, being their effect compensated in
the implementation. At this point, working in the w plane,
the PI regulator is finally designed employing the frequency-
response technique. With the pole in origin, the gain and
zero position are adjusted to obtain: i) a 10 Hz crossover
frequency, which is a decade below the minimum value of fjy;
and, ii) High gain and phase margins, respectively, 44.7 dB
and 89.6 deg. With these parameters, a first-order behavior
is achieved with a settling time of around 60 ms, which is
considered adequate for this particular application. The PI in
w domain is given by

100024 (w + 2832
Pi(w) = 2000 (w+28320) (10)

w

For the sake of comparison, an IQR controller is also
designed. The integrator provides ideally an infinite DC gain
to track DC reference and reject parametric variations, while
the quasi-resonant response is tuned to provide a high gain (>
30 dB) around fay in order to attenuate Al zp. However, due
to IQR inherent trade-off, the designed compensator provides
a9.79 dB gain margin, 59.8 deg. phase margin at 753 Hz, 12%
overshoot and 5 ms settling time. The IQR TF is given by

—500(w? + 816.8w + 667200)
IQR(w) = : 11
OR(w) = — 1 382w £ 477700) (1

To implement (10) and (11) in the MCU, both equations
are first discretized employing the bilinear method. Then, z~!
considered under design to obtain a strictly proper controller,
is added to the discretized form of (10) and (11). If one
step delay is not enough to perform all required calculations,
the controller must be redesigned, considering further step
delays. In the sequence, applying inverse Z transformation
the difference equation for each controller is obtained.

It is worth mentioning that the PI&APDR is compared with
its main counterpart considering the same application, which
corresponds to the classical resonant-based controller; here,
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the IQR is selected. Advanced state-of-the-art controllers, for
instance, MRAC, among others, are not practical solutions for
LED drivers due to their complexity and high implementation
cost. Thus, further comparisons will be omitted.

B. Adaptive Periodic Disturbance Rejection Design

In order to extract the AC component from vgys(t), its
sampled signal vgys[k] is filtered by a digital BPF. Considering
a PFC stage with the universal input voltage, the fjy ranges
between 100 — 120 Hz. Thus, dealing with the BPF design,
initially, a second-order BPF is defined in the continuous
domain, given by (12). Wherein, f, = 27w®, is the center
frequency; BW is the filter bandwidth in rad/s; and H, is the
circuit gain.

H,-BW s

BPF(s) = TBW st @2 12)
The BPF design is accomplished by defining f, = 110 Hz,
whose value is at the center of the fay; and, BW = 2760 rad /s
and H, = 1.1 are so determined in order to avoid attenuation
of the filtered AC component of the bus voltage ripple within
100 — 120 Hz. Following, BPF (s) is discretized using bilinear
transformation with 7Ty = 25 us. Then, with inverse Z
transformation, the BPF recursive form vgac[k] is obtained.
Manipulating vpac[k|, the determination of Vg, [k] and Veesk]

is given by (13) and (14), respectively.

Viink] = vpac k] (13)

vpac k] —vpaclk — 1
Veos [k] = [ 4]|-7'L'T fAV[ ]
S

The main purpose of measuring vgys(¢) is to obtain the
fundamental frequency of the periodic disturbance, being the
amplitude and phase of usppg defined by 6, and 6.,. For
instance, if the gain H, changes, the obtained values for Vg, []
and V,os[k] will also change, thus 6, and 6.0 will converge
to a different value in order to compute the correct amplitude
and phase for ugppg.

At this point, Vi,[k] and Ve[k] are known. To define the
automatic adapted parameters 6, [k] and 0,05 [k] the algorithm
given in (6) is rewritten in (15) for the sake of readability.

(14)

Bunli 1] = 0]~ P (15
Buas K+ 1] = 6oy K] - W (15b)

Analyzing (15) it is noticed that ¢ is the only undefined
parameter. Actually, & is the unique parameter of the APDR
subsystem whose definition depends on the application and
control-loop performance specifications. Thus, to develop a
design procedure for &, the APDR subsystem is analyzed from
the stability point of view. In this way, Appendix A presents an
alternative way to determine e, whose definition is essential
to analyze the APDR stability in Appendix B. Finally, from the
APDR subsystem stability analysis, the constraints to define &
are obtained as follows: i) the sign of & have to be equal to the
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sign of the plant high frequency gain, i.e., sign(o) = sign(k);
ii) the absolute value of a rad/s must be very small in
comparison to the plant bandwidth BW), rad /s.

In this way, analyzing 7'(s) in (9), a negative sign for k), is
noticed. Besides, assuming that |7 (s)| ~ |T (w)|, a bandwidth
around BW, ~ 44 k rad /s is computed from (9). However,
before defining |a| << BW,, it should be carried in mind that
the LLC is strongly non-linear, and the converter is subjected
to a wide operating range. Thus, to obtain a conservative
design, |a| < BW,/100 should be employed.

On the other hand, during the transient response of the
whole control system, it is expected that the dynamic behavior
follows the PI response. In this way, assessing (15), it can
be seen that as greater ¢ greater will be the variation of
0 during the transient response when e; differs from zero.
Consequently, greater will be ugppg during this transition,
impacting the whole system response. In other words, the
greater o the greater the deviation of the system transient
behavior from the expected one dictated by the PI is. To
elucidate this scenario, Figure 4 shows simulation results of
the LED current response under a reference step for different
values of |a|. In this simulation, the LLC parameters given
in Table I are employed, and AVpys is set to zero. Then,
employing the proposed PI&APDR controller, the response
is obtained for different values of |ct|. The response labeled
as PI (gray trace) employs the single PI, being usppg = 0.
As can be seen, the higher |o| more the transient response
diverges from PI ones. In addition, also employing simulation
results, Figure 5 shows the LED current waveform during the
transition from the use of the single PI to PI&APDR controller
for different values of |a|. As shown, for || = 1000 the
system is unstable. On the other hand, if |&¢| = 1, it can be

1.2
PI

_ |a| \ |
<1 — |a|=500
5 — la|=400
3 — la|=300

0.8
@ — |a|=200

— la|=100
0.6 ===
0.12 0.14 0.16 0.18 0.2
Time (s)

Fig. 4. LED current transient behavior under reference step for
different values of c.
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<
£
E I
: &
a
[sa)
—
0.5
—la|=100 —|a|=10=|al=5 —la|=I
0 Pl PI&APDR
0.1 012 0.14 016 018 02 022 024 026 028 03
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Fig. 5. LED current iy gp waveform during the transition from single
PI to PI&APDR controller for different values of a.
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seen that the current ripple is going to be rejected, but with a
prolonged transition.

Gathering these results, the following procedure is
proposed for o design: i) sign(a) = sign(k,); ii) Restrain the
value of « taking into account |¢t| < BW,/100; iii) in order to
optimize the design, the transient behavior of the system under
load step should be analyzed for different values of ¢, while
satisfying (ii). Following this methodology, it culminates in
selecting ¢ = —250 for the presented LLC resonant LED
driver. It is worth mentioning that refining the adjustment
of design parameters based on experimental and/or simulation
results is usual in adaptive controllers. Nevertheless, it must
be noted that only one parameter is analyzed, which simplifies
this optimization.

IV. EXPERIMENTAL RESULTS

Experimental results are presented in this section to
evaluate the performance of the proposed PI&APDR control
system for the LL.C resonant converter supplying an LED load
over a wide amplitude dimming range. Table I presents the
employed components to build up the digitally controlled LLC
LED driver shown in Figure 1. To realize the digital control
system, a TM4C1294NCPDT MCU from Texas Instruments
has been employed, which contains a 120 MHz clock and
12 bits ADC converter [36]. Figure 6 shows the laboratory
prototype.

Since the focus of this study lies on the control system
of the DC/DC stage, the PFC is not implemented, and the
vpyus is provided by a controllable voltage source (Keysight
6812B). Nevertheless, in order to emulate the real conditions
established by the PFC stage, it is taken into account the AVpys
variation as a function of the output power (Pp), fay, average
bus voltage (Vpys), Cpys and converter efficiency (1), as given
by (16). The Cpys is assumed to be 25 uF and n = 90%.

Po
nfavVeusCpusn’

AVpys = (16)

Fig. 6. Photography of the laboratory prototype.
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Fig. 8. Steady-state vgys and i gp of the LLC LED driver at nominal LED current employing the PI&APDR controller under different values

of fay.

A. Steady-State Operation of the Closed-Loop LLC LED

Driver

Figure 7 shows vpys and ipgp measurement for LLC LED
driver operating with the IQR controller at the nominal LED
current for different values of fay. Figure 8 shows the
same measurement when the proposed PI&APDR controller
is employed. As can be seen in these results, the DC reference
is tracked, and regardless the fay, a reduced peak-to-peak
current ripple is measured even with a high AVpys. In
order to compare the computational effort, the time required
to execute each control law is measured during steady-state
operation. The proposed PI&APDR controller needs 7.52 s
to finish all their calculations, which is similar to the value
of 6.56 us required by IQR. Therefore, it can be inferred
that the proposed controller implementation is as simple as
conventional controllers. On the other hand, analyzing the
experimental measurements, no impact of the controller over
the efficiency curve is noticed. Thus, further results comparing
the efficiency curve are omitted.

In order to better compare the action of IQR and PI&APDR,

40
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- B ]
< | o~ PI&APDR: AI,,,,,=120 Hz ]
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= | |- PI&APDR: Al,,, =360 Hz | _o =~ - E
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o
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a
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—

08 10 12

0.6
LED average current (A)
Fig. 9. Al gp for the first three harmonics when fay = 120 Hz.
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the first three harmonics of Al gp in Figure 8 and Figure 7
have been calculated using FFT, as shown in Figure 9 for
fav = 120 Hz. Analyzing the fundamental harmonic
of the LED current ripple Al;gp., it can be noticed a
superior performance of the PI&APDR in reducing this ripple
component in comparison to IQR controller over the whole
output current range. Regarding the second harmonic Al;gp >
at 240 Hz, it can be seen that this harmonic correspond to the
main component when PI&APDR is employed. However, its
amplitude is lower than IQR ones. For the third harmonic,
both PI&APDR and IQR present a similar amplitude over
the whole dimming range. Nevertheless, in order to obtain a
better insight of the Al;gp reduction, the LED driver flicker in
comparison to the IEEE Std 1789-2015 [3] limits is analyzed
in next subsection.

B. LED Driver Flicker Assessment

To evaluate the level of flicker for an output light that
presents several harmonics, the IEEE Std. 1789-2015
recommends the computation of the normalized modulation
(NM) [3], where a value of NM < 1 is an acceptable level of
flicker. Basically, the NM corresponds to the weighted sum of
the light output different harmonics below 1250 Hz. Assuming
that the LED operates in its linear region, where the output
light is directly proportional to i gp, the NM can be estimated
from the FFT decomposition of the measured i;zp. In this
way, the NM is estimated by (17), wherein I gp is the LED
average current, N is the number of harmonic components
below 1250 Hz, and iy, is the weighted LED current Fourier
amplitude coefficient (|i,;|) corresponding to frequency f,
which is given by (18).
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N l'~
NM =Y (’”) (17)
m=1

Irep
4000]im|
- 7]25%“ if f,<90Hz, )
1290l it 90 Hz < f, < 1250 Hz,

Figure 10 shows the computed NM levels for the cases
where the IQR and PI&APDR controllers are employed.
These results consider the LLC resonant LED driver operating
with nominal and minimal output current and different fay,
covering the range of a front-end PFC with the universal input
voltage, where the frequency can change around 50/60 Hz.
Under this analysis, AVpys is adjusted for each test as defined
by (16). As can be seen in Figure 10, both IQR and PI&APDR
controllers yield in NM < 1. However, it should be noticed
that the IQR presents a deteriorated performance when fjy
is away from the IQR resonance (110 Hz), which outcome
in a reduced robustness against ripple current rejection for
fay variation. So, since low-frequency ripple (< 1250 Hz)
is strongly attenuated when employing PI&APDR, it would
be possible to employ even lower Cpys, enhancing the LED
driver power density, as well as increasing its operational
range, which highlights the proposed controller improved
performance in comparison to IQR.

C. Step Signal Perturbations

Figure 11 shows the measured waveform of vpys and
irep for LLC LED driver operating with IQR or PI&APDR
controller under a DC step in Vpys for fay = 120 Hz. On
the other hand, Figure 12 shows the transient performance of
the LLC LED driver employing IQR and proposed PI&APDR
controller when subjected to step in the reference (= 50%
to 100%). Analyzing Figure 11 and Figure 12, it can be
seen that after a transient period i gp reaches its reference
value for both controllers. However, the PI&APDR presents
a dynamic that is dictated by the PI loop, which follows the
first-order behavior avoiding electrical stress in the LED load
caused by overshooting. For LED drivers, a smooth transient
behavior is preferred to a fast dynamic system with overshoot.
To avoid overshoot when IQR is employed, it is necessary
to reduce its crossover frequency, which on the other hand,
reduces the controller gain around fjy and impairs the Al;gp
attenuation. This trade-off between dynamic performance and
Al gp reduction capacity noticed in IQR design does not occur

0.7
£t IR @024
s 05 S A J
= ~ g
=] [N ’
S 04 N IQR @1,,,=1.15 4 -
—8 /a LED ’,'
N 03 - o7
E PI&APDR “&'>_ .
= 02 (@l,,=1.154 ~ ’,’ PI&APDR
. s = @I,,,=0.2 4
S .\~~.-‘,r
ol .
90 100 110 120 130

Fundamental £,, frequency (Hz)
Fig. 10. NM for the LLC LED driver operating with IQR and
PI&APDR controllers under different AVpy s frequencies fay .
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Fig. 11. LLC LED driver transient response for an input voltage step
up: with conventional IQR (upper trace) and proposed PI&APDR
(lower trace) controllers.
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Fig. 12. LLC LED driver transient response when reference changes:
with conventional IQR (upper trace) and proposed PI&APDR (lower
trace) controllers.

when the proposed PI&APDR controller is employed.

D. Reference Tracking Evaluation

In order to further evaluate the capability of each controller
to track Iy gp reference and reduce Al gp, Figure 13 shows the
measurement of vgys and izgp when the IQR or PI&APDR
controller is employed considering the same dimming profile.
For both controllers i;gp tracks the reference, differing in
the transient performance and peak-to-peak reduction. As
expected, the PI&APDR controller presents a dynamic which
is dictated by the PI loop. Regarding Al;gp reduction, it can
be noticed a deteriorated performance for the IQR controller
when it goes to deeper dimming levels and when fay diverges
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Fig. 13. LLC LED driver vgys and irgp waveforms during dimming profile; Upper traces: Operating with IQR controller; Lower traces:

Operating with PI&APDR controller.

from resonant frequency of IQR, which is also expected and
explained by the changing of converter dynamic behavior.

E. Controllers Robustness Analysis

This final assessment investigates the robustness of each
controller. Therefore, considering a hypothetical scenario, the
filter components are reduced in 10%, Ly is increased in 10%,
transformer turn ratio is reduced in 5%, and LED module
threshold voltage is reduced in 10%, emulating the worst case
where the frequency range is shifted to higher values. Under
this condition, the LLC LED driver operating with the IQR
controller becomes unstable when it goes to deeper dimming
levels. In order to elucidate this outcome, the compensated
loop gain is obtained from an AC-sweep analysis employing
simulation results, as shown in Figure 14. As can be seen,
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Fig. 14. Simulation results of the compensated loop gain analysis for

LLC LED driver with parametric variations: Ly; =700 uH,n=2.17,

Ls =190 uH,Cs =109 nF.
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the IQR compensated loop is shown for an output reference of
1.15 A, 0.8 A, and 0.4 A, where the phase margin reduction
is evident as I gp is diminished, reaching almost O deg. for
0.4 A. For I; gp < 0.4 the system becomes unstable when IQR
is employed. On the other hand, analyzing the PI&APDR
compensated 7T'(s), for Irgp = 0.4 A and I gp = 1.15 A the
phase margin is around 90 deg. with gain margins greater than
40 dB, being so stable. However, a gain crossover frequency
IQR: vm§(t)—400+10s1n(21r120t) V
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Fig. 15. Transient response under reference step for the LLC LED
driver with parametric variations Ly = 683 uH, n =2.17, Lg =
190 uH, Cg = 10 nF, and one LED device short-circuited: Upper
trace:Employing IQR controller; Lower trace: Employing proposed
PI&APDR controller.
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reduction is evident, which increases the system settling time.

With similar parametric changes, except by the LED
threshold voltage, Figure 15 shows the experimental
measurement of vpys and irgp during the reference step-
down condition, where one of the three LED devices is short-
circuited (Vigp = 58 V). As can be seen, even with the
parametric variation and bus voltage periodic disturbance the
LED current is stable and regulated at reference when the
proposed PI&APDR controller is employed. On the other
hand, when IQR is employed, the system becomes unstable
when the reference changes.

This final assessment reinforces the enhanced performance
of the proposed PI&APDR controller compared to resonant-
based controllers. In a general way, employing the PI&APDR,
outstanding performance is demonstrated, where the system
becomes robust against parametric variations and robust
against different bus voltage ripple frequencies and amplitude.

V. CONCLUSION

This paper has presented the conception, analysis, design,
and experimentation of a new hybrid dual-loop control
system, based on PI and APDR controllers, named PI&APDR
controller. Although the results are only presented for the LLC
resonant converter, the PI& APDR controller can be efficiently
designed to regulate the LED current for the cases where other
DC/DC converters are employed. The proposed controller
is suited for applications where a low output current ripple
is required simultaneously with a DC regulation over a wide
operation range.

Experimental results and simulation analysis show the
outstanding performance of the proposed controller in
comparison to conventional counterpart resonant-based
controllers. Employing the PI&APDR controller the LED
current DC reference is tracked over a wide operating range,
even under parametric variations such as average bus voltage,
resonant tank elements, and LED module. Besides, enhanced
performance is achieved in reducing the output current ripple
raised from the bus voltage ripple, where different bus voltage
ripple frequencies are also considered. The maximum NM
is given by 0.11 and 0.58, respectively for the proposed
PI&APDR and conventional IQR controller. Both controllers
are in accordance with IEEE Std. 1789-2015, which limits
the NM < 1. In a general way, conventional resonant-based
controllers present deteriorated dynamic performance, higher
LED ripple current, and even instabilities when subjected to
these same conditions.

Finally, it is essential to mention that the proposed
controller, even employing non-linear adaptive controllers,
preserves the feature of having a simple design and
implementation. Besides, knowing that adaptive controllers
naturally require more computational resources, it is important
to highlight that the computational effort of the proposed
PI&APDR controller is quite similar to the conventional
resonant-based controller’s, allowing the designer to use
conventional microcontrollers. As a suggestion, future studies
should analyze the hybridization of the APDR subsystem with
different linear controllers, such as PID, allowing the converter
to obtain a faster dynamic response with high gain and phase
margins, thus ensuring strong robustness.
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APPENDIX A

Tracking error definition

For the sake of simplicity, both PI and APDR subsystems
are considered decoupled. Thus, since the APDR is strictly
responsible for rejecting the bus voltage periodic disturbance
d, and assuming that PI is fully functional in regulating the
DC value at r = 0, the system can be represented as shown in
Figure 16. So, the output y can be defined by

y=y1+y2 =G,(s)uappr + F(s)d. (19)

The periodic sinusoidal disturbance d can be defined by a
linear combination of V;,, and V., with weighting parameters

és*in and é:fop as given by
0* 0 * —xT
d= _esinVSi" - Gcosvcos =—0"v (20)
where 8" = 65, éc*os]T,

Following (5), in continuous time, the APDR subsystem
control action is given by

uappr = 07v. 2D

With r = 0, the APDR tracking error e; =y — r, is reduced
to e; = y. Hence, substituting (21) and (20) into (19), yields

e1 =G,(s)0 v—F(s)8"v. (22)

Inspecting (22), it is noticed that e; depends of 6 and
0. Where 0 origin is in the APDR control action, and 0"
is related to the periodic disturbance d. From the APDR
subsystem point of view, it is assumed that there is a correct
solution called 6™ for the adapted 0 that reject the disturbance
d and brings e; to zero. Thus, the parametric adaption error
(0) is defined by

6=0-06". (23)
Now, substituting the identity 8 = 8 + 0 in (22) yields in

ey = Gp(s)éTV+Gp(s)O*TV—F(s)é*TV. (24)

Defining p = G, (5)0*" v — F(S)é*TV, (24) is rewritten as

el = Gp(s)éTV—O—p. (25)
Ay p) 2
Y
U ppr GP(S) Vi =++ Yy »

Fig. 16. Simplified block diagram of the LLC resonant LED driver
employing PI&APDR controller.
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The signal p is bounded once v is finite and G, (s) and F (s)
represent stable systems. Besides, since there is a solution for
0" and 0”, which means that these parameters are constant,
the signal p tends to zero in steady-state. Furthermore, the
dynamic variation of p is defined by G, (s) and F(s).

APPENDIX B

Analysis of the APDR subsystem stability
Consider the LLC resonant converter as an LTI system,
whose TF is

Z,($) "t ay_1s" ) + L tays+ag
G,(s) =k, -2 =k 26
[,(S) pRp(S) ps”—l—bn,ls("*l)—|—...—|—b1s—|—b0( )

Where Z, is a monic Hurwitz polynomial, R, is a monic
polynomial, and k, is the high-frequency gain with known
sign.

In continuous time, the APDR control action is given by
(27), and the parametric adaptive law is defined by (28).

uappr = 0" v 27
o= -2 (28)
m

Employing Lyapunov’s second method, the adopted defined
positive V scalar function is given by

17
v_ie 6. (29)

Now, if it is proved that the gradient of V is negative, it
means that @ tends to zero. Consequently, the tracking error
also tends to zero, and the APDR subsystem will be stable.
The derivative of (29) with respect to ¢ yields

0. (30)

From (23), the time derivative of parametric adaption error
gives @ = . Now, considering e; defined by (25), defining
0 = d/dr as the differential operator, and taking into account
(28), 0 can be rewritten as (31). Substituting (31) in (30)
yields (32). To avoid the use of time and frequency domain
in the same equations, the differential operator § is defined.
So, G,(s) and G,(8) are equivalent.

. v(G,,(B)éTv—i—p)
0=0-—« . G1)
m
~T ~T
6 v(G,(0)6 v o7
V=—a ( - >—a9 P (32)
m m

At this point, the sign (32) has to be carefully analyzed
in order to assess system stability. Because p tends to zero
in steady-state with the dynamic of G,(8) and F(§), which
means, much faster than the variation of é, only the first
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term in the right side of (32) is analyzed under stability point
of view. Therefore, to ensure a negative gradient, the sign
of a (sign(a)) must have the same sign of the plant high
frequency gain k,. Besides, if G,(6) owned a constant value,
V would be negative tending to zero while e; is decreasing.
However, G,(§) is a system with limited bandwidth. In this
way, since m? is positive and o is constant with same sign as
kp, to guarantee that V is negative, it is necessary to ensure

that term @' v (GP(S)éTV> remains predominantly with the

same signal. To address this last constraint, it is required
that the dynamic behavior of the parametric adaptation law
must be considerable slower than G,(6). Once the dynamic
behavior of the parametric adaptation law is a function of o
it is inferred that G, (8) bandwidth (BW,,) must satisfy (33) to
ensure system stability.

BW, >> |a. 33)

Actually, the constraint given in (33) can be seen as a design
guideline for the magnitude of a. Being sign(c) = sign(k,)
as above mentioned.
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