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A Novel Primary-Side Regulation Control Scheme
for CCM and DCM LLC LED Driver Based on
“Magnetizing Current Cancellation Method”

Hanjing Dong ¥, Xiaogao Xie

Abstract—In this article, the primary-side regulation (PSR)
technique to achieve accurate output current in an LLC resonant
converter has been studied. A novel PSR control scheme for an
LLC light-emitting diode (LED) driver based on the “magnetizing
current cancellation method” is proposed. The proposed ‘“magne-
tizing current cancellation method” can effectively eliminate the
effect of magnetizing current in the sampled primary resonant
current under both the continuous conduction mode and the dis-
continuous conduction mode. Thus, the accurate output current
can be estimated on the primary side of the LLC resonant converter.
The magnetizing current cancellation method for the LLC LED
driver with symmetric primary resonant current and asymmetric
primary resonant current has been analyzed in detail. Some design
considerations have also been presented. Then, an LLC PSR control
circuit has been designed based on the theoretical analysis. Finally,
a 48-t0-78-V/1.3-A laboratory prototype for the LED driver has
been built up, and experimental results show that good output
current regulation has been obtained.

Index Terms—LLC, output current estimation, primary-side
regulation (PSR).

NOMENCLATURE
CCM Continuous conduction mode.
C, Resonant capacitor.
dy, do Duty cycles of v, g1 and vy _go.
DCM Discontinuous conduction mode.
fr Resonant frequency.
fs Switching frequency.
L, Magnetizing inductor of the transformer.
L, Resonant inductor.
1, Output current.
iy Resonant current.
Ir rec Rectified resonant current.
im Magnetizing current.
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Amplitude of magnetizing current in a symmetric
LLC resonant converter.

Positive amplitude of magnetizing current in an
asymmetric LLC resonant converter.

Negative amplitude of magnetizing current in an
asymmetric LLC resonant converter.

DC bias magnetizing current.

Rectified magnetizing current.

Estimated output current.

Secondary current flowing through the secondary
loop.

Deviation between the estimated current [,_ .t
and the output current /,,.

Deviation between the estimated output current
and the output current if both the secondary leak-
age inductors are set to the large one.

Turns of primary winding of the transformer.
Turns of secondary winding of the transformer.
Turns of auxiliary winding of the transformer.
Secondary leakage inductors of the transformer.
Trapezoidal area formed by the virtual magnetiz-
ing current and period 77 .

Trapezoidal area formed by 7,,, ;. and period 7.
Trapezoidal area formed by the virtual magnetiz-
ing current and period 7.

Trapezoidal area formed by 4y, rcc and period 7.
Triangle area formed by positive %, ;o and the
time axis in the first resonant period of the posi-
tive half cycle.

Triangle area formed by negative 7, ,o. and the
time axis in the first resonant period of the posi-
tive half cycle.

Triangle area formed by positive %, ;¢ and the
time axis in the first resonant period of the nega-
tive half cycle.

Triangle area formed by negative 7,,, ,o. and the
time axis in the first resonant period of the nega-
tive half cycle.

Average value of S;—S4.

Difference area between S,,,; + 51 and .S,,,2.
Difference between the positive area and negative
area formed by %,, ;o and the time axis in the
positive half cycle.
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Difference between the positive area and negative
area formed by %,, ro. and the time axis in the
negative half cycle.

Average values of AS; and ASs.

Resonant period.

Switching period.

Period from the point that ¢, ,cc equals i, yec t0
the point that virtual magnetizing current reaches
I, or I,,1 in the DCM.

Period of the second resonant region during pos-
itive half cycle in the DCM.

Period from the point that ¢, o equals i, yec t0
the point that virtual magnetizing current reaches
I, or I,,5 in the DCM.

Period of the second resonant region during neg-
ative half cycle in the DCM

First resonant region period during positive half
cycle in the DCM.

First resonant region period during negative half
cycle in the DCM.

Auxiliary winding voltage of the transformer.
The part of vaux rec located in the first resonant
region.

The part of v,ux rec l0cated in the first resonant
region of the positive half cycle.

The part of v,,x rec l0cated in the first resonant
region of the negative half cycle.

The part of vaux rec located in the second reso-
nant region in a symmetric LLC resonant con-
verter.

The part of v,ux rec located in the second reso-
nant region of the positive half cycle.

The part of vaux rec located in the second reso-
nant region of the negative half cycle.

Rectified voltage of auxiliary winding of the
transformer.

Bias voltage reference.

Driving signals of primary switches Q1 and Qs.
Pulses represent the second resonant regions in
positive and negative half cycles, respectively.
Total magnetizing current compensation signal.
Estimated value of the output current.

Voltage signal of the sensed resonant current.
Positive half cycle magnetizing current compen-
sation signal.

Negative half cycle magnetizing current compen-
sation signal.

Voltage signal representing rectified resonant
current.

Voltage signal representing the rectified resonant
current located in the first resonant region.
Average value of v rec1-

Voltage signal representing the rectified resonant
current located in the second resonant region of
the positive half cycle.

Average value of v;; rec21-

Vir_rec22 Voltage signal representing the rectified resonant
current located in the second resonant region of
the negative half cycle.

Vir22_ave Average value of v;; rec22.

Um Primary winding voltage.

Up, Pulse representing the negative half cycle.

Unl Pulse obtained by comparing Vs With vgyx.

Vs Output voltage.

Up Pulse representing the positive half cycle.

Up1 Pulse obtained by comparing v,,x With —Vi;as.

Vsm, Pulse representing the first resonant region of the
resonant current.

v Average amplitude of vgy51-

Vauxll Average amplitude of vgqyz11-

Vaux12 Average amplitude of vgq.12-

Vyux2 Average amplitude of vgq.2-

Taux21 Average amplitude of vgy,421-

Vaux22 Average amplitude of vgyz29.

Vaux21_avg Average value of vy z21.

Vaux22_aveg Average value of vg,;29.

I. INTRODUCTION

LIGHT-EMITTING diode (LED) with its prominent char-
A acteristics, such as high brightness, small volume, high
energy efficiency, and long lifetime, has gradually been used to
replace the traditional lighting equipment in our daily life [1].
In contrast, as the brightness of an LED is determined by the
dc input current, an innovative LED driver with high efficiency,
high reliability, long lifetime, and low cost is also necessary.
With the continuous breakthrough of LED technology, LED
lighting is becoming the most promising source of light in the
future. In recent years, it has been generally applied in urban
lighting, LCD backlighting, street lighting, residential lighting,
and medical treatment.

For ac—dc situations, the primary-side regulated (PSR) flyback
topology, which has the advantages of simple structure, electrical
isolation, and low cost, has drawn more and more attention
in low-power applications such as LED drivers and chargers
[2]-[9]. To reduce the cost, the flyback converter usually regu-
lates the output current and serves as the power factor corrector
(PFC) simultaneously, which is known as the single-stage PFC
technique. However, for higher power levels, the single-stage
flyback converter cannot satisfy the efficiency demand due to
poor transformer utilization.

Thus, the two-stage ac—dc structure with a PFC front stage is
the preferred choice for high-power applications, although the
cost and size both increases. For the front PFEC stage, the boost
converter is a good candidate topology and has been applied
popularly. For the end stage, the flyback converter and the LLC
resonant converter are the most popular candidate topologies.
However, the transmission power with a cascaded boost PFC and
a flyback converter is usually limited to be lower than 80 W. The
half-bridge LLC (HB-LLC) resonant topology, which always
operates in the resonant mode with pulse frequency modulation,
can realize zero-voltage switching for the primary switches and



DONG et al.: NOVEL PRIMARY-SIDE REGULATION CONTROL SCHEME FOR CCM AND DCM LLC LED DRIVER

Fig. 1. Two-stage ac—dc LED driver based on a cascaded boost PFC and an
HB-LLC resonant converter.

achieves high efficiency and high power density. Thus, it has
been widely applied in high-power LED driver equipment as
the end stage [10]-[20].

In the conventional LLC resonant LED driver, the output
current is sensed on the secondary side and sent to the regulated
circuit. Then, the generated regulated signal is sent to the primary
side with an optocoupler, as shown in Fig. 1. The secondary
circuit and the optocoupler have increased the overall cost of the
converter. Moreover, the optocoupler also reduces the lifetime
of the converter [2].

The output current PSR technique can resolve the mentioned
problem by removing the secondary regulation circuit and the
optocoupler. PSR techniques for the flyback converter are well
developed [2]-[9], and there are a number of commercial inte-
grated chips for the PSR flyback converter.

However, there are few studies focusing on the output current
PSR technique for the LLC resonant converter till now. The
reason is that the magnetizing current of the transformer has
been included in the primary resonant current, and it is difficult to
extract the output current information from the primary resonant
current directly.

The magnetizing current and the resonant current can be
separated by adding an external parallel-resonant inductor, as
shown in [10]. The inductance of the external inductor is much
lower than the magnetizing inductance of the transformer. The
resonant current is much larger than the magnetizing current in
the transformer, and the magnetizing current of the transformer
can be nearly neglected. Therefore, the current in the primary
winding can reflect the load current directly. However, the ex-
ternal inductor increases the cost and the size of the converter
greatly. In [10], an improved circuit was further proposed to
reduce the volume of the added inductor. As shown in [10,
Fig. 10], an external compensating inductor is inserted between
the auxiliary winding and the current-sensing resistor, and an
antiphase emulated magnetizing current is generated and flows
into the current-sensing resistor. In this way, the influence of the
magnetizing current can be eliminated. However, the inductance
tolerance makes a great influence on the output current regu-
lation. Similar concept has been applied to the current-driven
synchronous rectifier technique for the LLC resonant converter.
In order to cancel out the magnetizing current’s effect, the current
transformer with compensating winding was proposed in [11].

In this article, the PSR technique for achieving accurate
output current regulation in the LLC resonant converter has been
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Fig.2. Schematic of the HB-LLC converter with the proposed PSR controller.

studied. A novel LLC PSR control scheme based on the “mag-
netizing current cancellation method” is proposed, as shown
in Fig. 2. The proposed LLC PSR controller consists of an
output current estimation circuit and a conventional HB-LLC
controller. The proposed output current estimation circuit is
used to generate the estimated output current signal only with
detected primary-side current and auxiliary winding voltage. A
conventional HB-LLC controller receives the estimated output
current value as a feedback signal to regulate the output current.

The proposed PSR controller can achieve an accurate output
current under the CCM and the DCM by effectively eliminating
the effect of the magnetizing current from the sampled primary
resonant current. The magnetizing current cancellation method
for the LLC LED driver with symmetric primary currents and
asymmetric primary currents has been analyzed in Sections II
and III, respectively. Section IV gives some design consider-
ations, and specific realization of the control circuit based on
the proposed method is presented in Section V. Experimental
results based on a laboratory-made prototype are provided in
Section VI. Finally, Section VII concludes this article.

II. OUTPUT CURRENT ESTIMATION FOR THE LLC RESONANT
CONVERTER WITH SYMMETRIC PRIMARY
CURRENT WAVEFORMS

Usually, a well-designed LLC resonant converter has symmet-
ric primary current waveform. The principle of output current
estimation on the primary side under this condition will be
analyzed in this section.

As we know, the LLC resonant converter operates in the
CCM as the switching frequency f, is higher than the resonant
frequency f,, while it operates in the DCM on the contrary.

A. Analysis on the LLC Resonant Converter With Symmetric
Primary Current Waveforms When Operating in the CCM

When the LLC resonant converter operates in the CCM, the
main waveforms are shown in Fig. 3. Obviously, the difference
between the rectified resonant current %, ,o. and the rectified
magnetizing current %,, yoc iS the current transferred to the
secondary side. Based on above analysis, the output current /,
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Fig. 3. Key waveforms of the symmetric LLC resonant converter operating in
the CCM.
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Fig. 4. Key waveforms of the symmetric LLC resonant converter operating in
the DCM.

can be expressed as

Ts/2

1,= 2D v sec(t) = imrec(®]dt (1)

N NsTs 0

where 7, ¢ can be obtained from the sampled resonant current
i,. However, the magnetizing current 7,, cannot be sampled
directly, so does 7, rec. Therefore, the PSR controller cannot
be designed according to (1) directly.

To solve this problem, a “magnetizing current cancellation
method” is proposed. As shown in Fig. 3, the triangle area S,;,1
is equal to S,,2 because of the symmetrical characteristic of
im,_rec, Which means that the periodic average value of 7, yec 1S
zero. Therefore, (1) can be rewritten as

T,/2

2N,
P iy ree(t)dt. (2)

o~ NsTs 0

Equation (2) means that the information of the output current
can be obtained only by sampling ¢,..

B. Analysis on the LLC Resonant Converter With Symmetric
Primary Current Waveforms and Operating in the DCM

When the LLC resonant converter operates in the DCM, the
main waveforms are shown in Fig. 4. A half switching cycle can
be divided into two intervals: [0, T,./2] and [T}./2, Ts/2].

Stage 110, Tr/2]: During this interval, the resonant capacitor
C, resonates with the resonant inductor L, and the voltage v,,
is clamped by the output voltage. This region is defined as the
“first resonant region.”

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 11, NOVEMBER 2020

Stage 2 [Tr/2, Ts/2]: During this interval, C, resonates with
L, and L,,, while the output diodes are both OFF. At the same
time, L,, resonates with the parasitic capacitor across the pri-
mary winding of the transformer, which produces an oscillated
voltage waveform across the primary winding. This region is
defined as the “second resonant region.”

The output current in the DCM can be described as

T,/2

2Np [iT,FeC (t) - Z'm,rec (t)] dt (3)

O:Nsn 0

Similar to the CCM, the same idea of “magnetizing current
cancellation method” is also applied to the DCM. However, the
areas of the two parts 5,1 and S,,,2, as shown in Fig. 4, are not
equal in the DCM because there exists the second resonant region
in a half switching cycle. Therefore, the “magnetizing current
cancellation method” cannot be applied directly. In order to
eliminate the influence of 7,,,, an improved “magnetizing current
cancellation method” is developed.

As weknow, i,,, has different slopes during intervals [0, T;./2]
and [T./2, T/2]. Herein, we suppose there is a virtual magne-
tizing current, which will continue to increase after time 7,./2
with the same slope during the interval [0, 7./2]. The virtual
magnetizing current forms a trapezoidal area S; with period 7.
According to geometric theory, it can be deduced that

Sm2 = Sm1 + 51. 4)

Therefore, the magnetizing current can be eliminated from
the resonant current if S can b_e obtained.
The periodic average value S; of area S; can be expressed as
S_ [ir_rcc(Tr/Q) + Im] Tl

1= 5T . ®)

Obviously, it is difficult to obtain S directly because T,
is difficult to obtain. Herein, an indirect way to obtain Sy is
described as follows.

As shown in Fig. 4, the periodic average value of area S5 can
be expressed as

[ir rec(Tr/2) + Im]T>

52 = 2T,

(6)

According to (5) and (6), the relationship between S; and S,
is derived as

S 1 T1
- T T
Sy 7P

In addition, because the increment value of the virtual mag-
netizing current during 77 is equal to the increment value of the
magnetizing current during 75, a new equation can be derived
as

(7

NpﬁauxlT o NpﬁauXZ
NoLp ' Nl

According to (7) and (8), it can be derived that

Im - Z"Lrec (Tr/2) = T2- (8)

Sy =S, Jaw2 &)

Vaux1
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— T2

Fig. 5. Key waveforms of the asymmetric HB-LLC resonant converter oper-
ating in the CCM.

Substituting (4) and (9) into (3), the output current in the DCM
can be expressed as
2N, (1

T,/2 =
= / Z"r;rec(t)dt + 52 gaﬂ
0

I,
Nq TS Vaux1

(10)

Uaux1 and Uaux2 can be obtained from the auxiliary winding
of the transformer, and S, can be obtained with the sampled
primary resonant current during period 75. Therefore, the in-
formation of I, can be obtained on the primary side of the
transformer, which means that primary regulation on the output
current is feasible for the LLC resonant converter with sym-
metric discontinuous primary currents by using the proposed
“magnetizing current cancellation method.”

III. OUTPUT CURRENT ESTIMATION FOR THE LLC RESONANT
CONVERTER WITH ASYMMETRIC PRIMARY
CURRENT WAVEFORMS

For the practical LLC resonant converter, the primary res-
onant currents will be asymmetric when some parameters of
the converters are not ideal. There are two main reasons that
will cause this problem: one is asymmetric pulse signals for
primary switches Q7 and Q-, and the other is unequal values of
transformer secondary leakage inductors Lz and Ljgso [21].

There exist three possible asymmetric cases: 1) continu-
ous resonant current; 2) discontinuous resonant current; and
3) continuous resonant current in a half switching cycle and
discontinuous resonant current in another half switching cycle.
Output current estimation methods for these three cases will be
discussed independently.

A. Analysis on the LLC Resonant Converter With Asymmetric
Primary Current Waveforms When Operating in the CCM

Fig. 5 shows the key waveforms of the LLC resonant converter
operating in the CCM with asymmetric primary current wave-
forms. The positive and negative amplitudes of the magnetizing
current ,,, are also asymmetric, which makes %,,_r.. have differ-
ent initial values in two neighboring half switching cycles. In a
switching cycle, ,,_rec and the time axis form four triangle areas,
named as Sy,1, Sma2, Sh,1, and S, ,, respectively. Obviously,
the areas of S,,,1 and S,,» are different, which means that the
magnetizing current cannot be eliminated in a half switching
cycle. However, it can be deduced according to the geometric
theory that the areas of S,,; and S/, are identical, while the
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Fig. 6. Key waveforms of the asymmetric HB-LLC resonant converter oper-
ating in the DCM.

areas of Sy,2 and S),,; are identical, i.e.,

T,
/ﬁ im_rec(t)dt = —S! o+ Spm1 — Sma + 5., =0. (11)
0

Equation (11) means that the rectified magnetizing current can
be eliminated in a switching cycle. Similarly, the output current
can be derived as

=D [T
¢ NsTs 0
- Np Ts
N NSTS 0

[ir_rcc (t) - Z.771_1rcc (t)] dt

i rec(t)d. (12)

Equation (12) means that the information of the output cur-
rent of the LLC resonant converter operating in the CCM with
asymmetric primary current waveforms can also be obtained on
the primary side only by sampling i,..

B. Analysis on the LLC Resonant Converter With Asymmetric
Primary Current Waveforms When Operating in the DCM

Fig. 6 shows the key waveforms of the LLC resonant converter
operating in the DCM with the asymmetric primary current
waveforms. The half cycle is defined as the “positive half cycle”
when v,y is positive, while the other half cycle is defined as the
“negative half cycle” when v, i negative.

According to geometric theory, the triangle area formed by
the negative part of 7,, ,ec and the time axis in the positive half
cycle is equal to S3 + S,,2, while the triangle area formed by
the negative part of 4,, .. and the time axis in the negative half
cycle is equal to S7 + S,,1. Because S,,2 and S;,1 can offset
each other, the periodic average value of 7, ;.. can be obtained
as

1 Tcl T5/2+Tc2 _ _
? / im_rec (t)dt + / im_rec (t)dt = (Sl +SS)
S 0 Ts/2
(13)
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where
~ L rec Tc Im T
g, = lirrec( 21)T+ 7 (14)
- i rec(Ls/2 4+ T, 1,,2|T
Sy = [Z 7ec( / ';T 2)+ 2] 3. (15)

Similar to the condition of the LLC resonant converter with
symmetric waveforms in the DCM, it can be derived that

o S Vaux i rec(Te L1 |To Uaux
51:522 21:[1_ (Ter) + 1]2'3 21 (16)
Vaux11 2Ts Vaux11
o o Uaux22 . [irfrec (Ts/2 + TCQ) + Im2]T4 Vaux22
S3 = 54 = = - = .
Vaux12 2T Vaux12
(17)

Thus, the output current under this condition can be expressed
as

N, Te1
I, = - L rec — tm_rec
o= [ ) = et

Ts /24T
+ / [ir_rec(t) = tm_rec(t)] dt}

Ts/2

Np 1 Te1 Ts/24Teo

A iy _vec(t)dt r_rec(t)di

Ny | T /O ir_rec(?) +/Ts/2 ir_sec({)

n 52 Eaux21 + §4 ’Uauxm] . (18)
Vaux11 Vaux12

Uaux11 — Uaux2e can be obtained from the auxiliary winding
of the transformer, while S5 and Sycan be obtained with the
sampled primary resonant current and detected second resonant
periods. Therefore, primary regulation on the output current is
feasible for the LLC converter with asymmetric discontinuous
primary currents by using the proposed “magnetizing current
cancellation method.”

C. Analysis on the LLC Resonant Converter With Asymmetric
Primary Current Waveforms When Operating in the CCM
and the DCM

When the LLC resonant converter operates around the res-
onant frequency while the parameters are asymmetric, it will
come into a condition that the one half cycle waveforms are
continuous and the other half cycle waveforms are discontinu-
ous, as shown in Fig. 7.

In a switching cycle, 7,, ;.. and the time axis form four
triangle areas named as Sy,1, Sma, 5,1, and S, o, respectively.
According to geometric theory, the area of \S,,,2 is equal to the
area of 5.

Similarly, it can be deduced that

/

mo = Sy + S1. (19)

The average value S can be obtained with (16). Thus, the
output current under this condition can be expressed as

N, Ter
Io - 4 {/ [Zr rcc(t) - ZrrL rcc(t)} dt
NSTS 0 B -

o/ T/2 relt) i s8]
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Fig. 7. Key waveforms of the asymmetric HB-LLC resonant converter oper-
ating in the CCM and the DCM.

N, 1 Tex
= Fp |:T |:/0 Z'r_rec(t)dt

T 5 Vaux21
Ts/2

Vaux11

IV. DESIGN CONSIDERATION

A. Effect of Transformer Leakage Inductors on Estimation
Deviation of the Output Current

If the secondary leakage inductors of the transformer are
equal (Ljis1 = Ligs2 = Liks), the transformer primary winding
voltage v,, during the output diodes conduction periods can be
derived as

N, dig(t
¥ Vot L B8], 0<t<Ta
NP
v (t) =9 — N

w

——

vV, + leSW} , T,/2<t<Ty/2+ T
21

The slope of magnetizing current ¢,,, can be obtained as

N [ 4 bedi0]  o<isT,

. Ns [ Lm Ly, dt
dlm (t) _)_ N,
dt VNS Ly dis(t-T,/2)
[L,,O,L + Lms T] ) Ts/2 <t < TS/2 + Teo

(22)

Equation (22) indicates that the slope of 4,, is not linear when
leakage inductors of the transformer are taken into considera-
tion. As an example, suppose that the currents of the HB-LLC
resonant converter are symmetrical when operating in the DCM;
the waveforms of the rectified primary current considering the
effects of leakage inductors are shown in Fig. 8.

Obviously, the negative area S,,2 cannot be offset by the
positive area S,,,; plus the compensation area S; under this
condition.
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Fig. 8. Symmetrical waveforms of %, yec and 4, rec in the DCM when
leakage inductors are taken into account.

According to (22), the expression of 7, ,¢. during the period
[0, T.1] can be obtained as

Np Vo

I )
N, I,

im_rec (t) ==

b+ R i), 0 <t < Ty
(23)

According to (23) and the waveforms shown in Fig. 8, it is
easy to know that the difference area between S,,; + 51 and
sz is

Np L

AS =S + 51— Sma = N. L,

Tex
- / i(Odt. (24)
0
AS will cause a deviation A between the output current
estimated by (10) and the real output current, i.e.,

NP le
——=],. 2
R @)

Equation (25) indicates that A1 is constant if the parameters of
the converter are determined while the converter keeps operating
in the DCM, which means that good output current regulation
can be achieved. Moreover, this deviation can be offset by ad-
justing the current reference to obtain the desired output current.

However, when the HB-LLC resonant converter operates
in the CCM with symmetrical current waveforms, AS will
decrease as the frequency increases, which causes the output
current regulation error. The maximal possible output current
regulation error can be evaluated with (25) if the HB-LLC
converter operates in the CCM and DCM hybrid mode. For
example, if the secondary leakage inductors reflected to the
primary side are 1% of the magnetizing inductor and the turns
ratio of the transformer is 3, the calculated maximal output
current deviation is about 0.33%. Obviously, smaller ratio of
leakage inductors to magnetizing inductor can help reduce the
output current regulation deviation.

As an example, suppose that the currents of the HB-LLC res-
onant converter are asymmetrical when operating in the DCM;
the rectified primary current waveforms considering the effects
of leakage inductors are shown in Fig. 9.

According to the waveforms shown in Fig. 9, the difference
between the positive area and negative area formed by 4,,, yec ()
and the time axis in the positive switching cycle is

Al =AS =

Np Lot

ASy =51+ 51— Sz = N. L,

Te1
. / it (26)
0

Similarly, the difference between the positive area and the
negative area formed by i,, rec(t) and the time axis in the
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Fig. 9. Asymmetrical waveforms of ¢, rec and ¢, rec in the DCM when

leakage inductors are taken into account.

negative half switching cycle is

N. L Ts/24Teo
ASs = S35+ 53 — Spu = P Zlks2 | / is(ﬁ)dt.
Ns Ly, Ts/2
(27)
Hence, it can be derived that
o 1 N,
A ASy = ———F
AR =TT N,

Tecl Ts/2+Tc2
X lesl/ is(t)dt—I—leSQ/ is(t)dt| . (28)
0

Ts/2

AS; and AS; represent the areas introduced by the nonlin-
ear part in 4, yec(t), which cause the deviation between the
estimated output current and the real output current.

According to (28), to calculate the estimation deviation, the
expression of i(¢t) should be obtained first. However, it is
difficult to derive the accurate expression of is(¢) under this
condition. However, the error A can be evaluated in a simple
way as follows.

Suppose that Lo is larger than L;x41; the estimation error
AT’ caused by the symmetric leakage inductor L;is> can be
derived as

Al — &les2l )

= 2
N. L, o (29)

AT’ canbe used to evaluate the real estimation error. Though AT’
is a little bigger than the real value, the complex asymmetrical
condition does not need to consider any more.

B. Effect of Asymmetrical Primary Switches Driving Pulses on
Estimation Deviation of the Output Current

The asymmetrical primary driving signals also cause asym-
metrical primary resonant current and magnetizing current.
Suppose the secondary leakage inductors are equal; it is not
difficult to derive that the deviation A can also be ex-
pressed as (25). For simplicity, this condition is not analyzed in
detail.

C. Effect of Transformer Leakage Inductors on the Voltage
Across the Magnetizing Inductor

When the HB-LLC resonant converter has asymmetric sec-
ondary leakage inductors and operates in the DCM, it can be
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derived that

U (t)
_ ]I\\//:i |:VO + lesl dl;it):| ) 0<t S Tcl
R Vo + Ly L2 T /2 <1< T, /24 Too
(30)
/Tﬂ dist) 4y _ /Ts/zw& dis(t —15/2) .,
0 dt " e dt
31

Substituting (31) into (30) and considering the voltage re-
lationship between primary and auxiliary windings, it can be
derived that

(32)

Vaux1l = Vaux12-

Equation (32) means that the average amplitudes of the auxil-
iary winding voltage during the first resonant period in different
half switching cycles are not affected by the leakage inductors in
the DCM. Therefore, the unified equation of the estimated output
current for the hybrid CCM and DCM HB-LLC converter can
be expressed in eq. (33) shown at the bottom of this page

V. REALIZATION OF THE PROPOSED PSR CONTROLLER

Based on (33), shown at the bottom of this page, the proposed
PSR controller for the LLC resonant converter is designed, as
shown in Fig. 10. Some key waveforms inside the controller
are shown in Fig. 11. Detailed circuit implementation of the
proposed controller is depicted in the following.

A. Detection of “Positive Half Cycle” and “Negative
Half Cycle”

Asmentioned in Section II, the rectified resonant current ¢, yec
obtained from i, according to the polarity of the transformer
winding voltage is used for output current estimation.

As shown in Fig. 10, a simple detection circuit that consists
of two comparators is used to detect the polarity of va,x. As
mentioned, there exists oscillation in the second resonant region,
and higher Q factor of resonant parameters usually causes more
severe oscillation. If the oscillation amplitude of v, falls below
zero level during the positive half cycle or arises over zero
level during the negative half cycle, the detection results will
be incorrect. To prevent producing fault detection results, the
comparison references of the comparators are biased. Besides, a
cross-lock circuit formed with switches S, and .S,, is added and
placed after the outputs of the comparators.
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Fig. 12 shows the simulation results with SIMetrix/SIMPLIS
software. It shows that proper detection results can be achieved
even under severe oscillation condition.

B. Achieving the Rectified Resonant Current i, .. and the
Rectified Auxiliary Winding Voltage V gy rec

When half cycle signals v, and v,, are obtained, the active rec-
tifiers with four switches, a hold-up capacitor, and a differential
amplifier, as shown in Fig. 13(a), are used to achieve the rectified
resonant current %, ... and rectified auxiliary winding voltage
Vaux_rec- Fig. 13(b) shows the signal transmission path during
the positive half switching cycle when switches S,1 and S, 4 are
turned ON. The input signal forwardly transmits to capacitor C.
Fig. 13(c) shows the signal transmission path during the negative
half switching cycle when the switches S5 and S, 3 are turned
ON. The input signal transmits to C,, reversely. The differential
amplifier circuit is used to transform the floating voltage signal
across C,, to a ground-referred signal.

There are two advantages of achieving the rectified waveform
Vaux_rec With an active rectifier rather than an diode-based rec-
tifier. First, only one pin is needed to get the input signal and
the other pin is the ground pin of the controller. Second, the
voltage drop across the active switches is much smaller, which
is important for sampling the accurate auxiliary winding voltage
in the following function circuits.

C. Detecting Resonant Current Regions

A knee point detector is used to detect the first resonant region,
as shown in Fig. 10. The knee point detector is realized with a
phase-shift circuit and logic units similar to the circuit shown
in [22]. Corresponding waveforms during the operation process
are shown in Fig. 11, where v,,x rcq 1S achieved from vayux rec
by the phase-shift circuit composed of Rs3,, Rsp, and Co. A
reset signal vg,,,s 1S then generated by comparing v,y rcq With
Vaux_rec, While signals v, and v,, are served as set signal of
reset-set (RS) flip-flops U,.s1 and U, 42, respectively. Thereafter,
the region signals v, v4_q1 and vy_go are generated after some
logical processes.

D. Extracting the First Resonant Current

The first resonant current is extracted by the first resonant
current extraction circuit shown in Fig. 10. The signal v, ,ec1
is the part of the rectified resonant current in the first resonant
region, which is obtained from the rectified resonant current
signal v, yec by a switch network with the control signal vy, .

N, J1

T Ts/2+Tco
/ i e (D)t + /
0 Ts/2

iy rec(t)dt

52 @juux21 + §4 Vaux22

+ (33)

Vauxl Vauxl

First resonant region current

magnetizing current compensation
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The average value of v;; rec1 is obtained as follows:

1 Ts 1
Virl_avg = f/ Ui'r_recl(t)dt = 7
0

Te1/2 Ts/2+Te2/2
X / Vir_rec (t)dt+ /
0 T/ 2

Vir_rec(t) | dt. (34)

E. Magnetizing Current Compensation

Magnetizing current compensation is the key issue of the
proposed control, the implementation circuit of which can be
realized according to (33), and the procedure is as follows.

As shown in Fig. 10, U4, is achieved from v,,x_yec by using
a switch average network formed by S7, R7, and Cg. Switch Sy
is controlled by the generated first resonant current region signal
Vs

Because there exists oscillation on the waveform of v, in the
DCM, the process to achieve U,,x21 and Uauxoo 18 little complex.
First, the waveforms v,q,,201 and v 44,00 are extracted from v,y
with switching networks are formed by switches Ss, Sg and Sy,
S11, respectively. Then, the average values of v,q,21 and vgy422,
1.e., Vauz21_aveg aNd Vguz22_ave, are obtained with RC filters.

Schematic of the LLC resonant converter with the proposed output current estimation circuit.

Finally, vgua21_ave, Vg_d1 and Vauz22_aves Vg_d2 are sent to the
analog dividers Uy and Uys separately.

Thus, Vaux21 and vaux22 can be obtained according to the
function of the analog divider [23], as follows:

— Vaux21_avg — Vaux22_avg

Touxa]l = e, aux22 = — 8 35

Vaux21 s Vaux22 ds (35)
where d; is the duty cycle of v4 41 and d is the duty cycle of

Vg_d2-

The rectified resonant current signals vy, yec21 and Vi pec22 in
the second resonant region can also be extracted from v;, yec by
switching networks with resonant current region signals v, 41
and vg_go. The average values of vy reca1 and vip_reco2 in a
switching period can be further obtained with RC filters and are
expressed as follows:

1 Ts .

Vir2l_avg — f / Uiv'_rechdt = SQ (36)
s JO
IR —

Vir22_avg = T / ’Ui'r;rec22dt = 54- (37)
s JO

Then, the signals v;,21_avg, Vaux21, and Uaux1 are sent into
the multiplier U,,,1, while the signals v;,92_ave, Vaux22, and Uaux1
are sent into the multiplier U,,,2. Then, the compensation values
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Fig. 12.  Simulation waveforms of the half cycle detection circuit.
Vir_rav21 and Vi, rqq20 can be obtained, as follows:
vir217avg : Eaux21 = ﬁaule
Vir_rav2l — — = 52 — (38)
Vaux1 Vauxl
vir227avg : Eaux22 = ﬁaux22
Vir_rav22 — — = 54 — . (39)
Vauxl Vauxl

A summing circuit is used to sum up the values of v;; rq421
and v, _rqu22 SO that the magnetizing current compensation sig-
nal v, _com 18 achieved. Furthermore, by summing the average
value of the first resonant current v;,1_ave and the compensation
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Fig. 13.  Active rectifier to obtain v, rec and Vaux rec. (2) Implementation
circuit. (b) Signal transmission path during the positive half switching cycle.
(c) Signal transmission path during the negative half switching cycle.

signal v, com. the estimated output current signal vy, egt 1S
achieved. When the LLC resonant converter operates in the
CCM, the magnetizing current does not need to be compensated,
and the compensation signal v;,,, com €quals zero.

There are several low-pass filters formed by the resistor and
the capacitor in the proposed PSR control circuit for achieving
average values of signals. The cutoff frequency of RC filters
should be low enough to filter the switching ripple. These RC
filters do not generate signal transmission delay but may slow
down the closed-loop regulation if their parameters are not
appropriately designed. To avoid this, the cutoff frequency of
RC filters should be larger than the closed-loop bandwidth. The
parameter selection of RC filters follows the aforementioned
principles.

The estimated output current signal vy, est iS sent to an am-
plifier to generate an amplified error signal. The pulse generator
based on a voltage-controlled oscillator (VCO) is identical to the
popular commercial LLC control ICs, which is not introduced
in detail in this article.

VI. EXPERIMENTAL RESULTS

To verify the theoretical analysis, a laboratory prototype of a
48-t0-78-V/1.3-A HB-LLC LED driver with the designed PSR
controller has been built up, as shown in Fig. 14. The parameters
of the prototype components are listed in Table I. The control
circuit is realized with discrete components and the conventional
LLC controller L6599 from ST Ltd. Considering a variation
range of the output voltage, the resonant frequency is set to
be 65 kHz at V,, = 60 V under a nominal input voltage of 400
V. Under the nominal input voltage, the prototype is designed to
operate in the CCM when the output voltage is lower than 60 V,
while it works in the DCM with larger output voltage.

The key waveforms of the proposed control circuit with
the symmetric primary current (Ljgs1 = Ligso = 1.3 pH) are
shown in Figs. 15-18. Fig. 15 describes the operation process of
achieving v, . With the active rectifier. With the obtained pulse
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TABLE I

PARAMETERS OF THE LABORATORY PROTOTYPE COMPONENTS

Component Parameters
Input voltage V;, 380~420 V, Viy on=400V
Output voltage V, 48V~T78V
Main switches Q1, 0> ISAOTNG65A, 7A/650V
Resonant inductor L, 240uH
Resonant capacitor C,. 25nF

Transformer 7'

Core:PQ2625, L,=1.5mH,
e Nyt Noot N, =40:12:12:3

Output Diode D;, D,

SBD10C200F, 10A/200V

Output Capacitor C, 2x220uF/100V
vy, (5V/div) Time: 2us/div
e ]
? Vo (5V/div)
LT e T
B

Vi (1V/div)
rd

fanser®y ) a W
TSR
(a)
Vp ‘95 V/div) Time: 4us/div .
v (BV/div)

j

viy (2V/div)
i

virirec (2 V/di V)

~

Fig. 15.

(b)

Measured waveforms of pulse signals v;,, vy, and sampling signals
Vir, Ur_rec in the symmetric condition (Vj,, = 400 V). (a) CCM (V,, =51V

and I, = 1.3A). (b) DCM (V, =75V and I, = 1.3 A).

Fig. 16.
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Measured waveforms of vy, Vir recl, Vir rec21, and Uiy rec22 in

Operation process of auxiliary winding voltage sampling in the

DCM (Vi, =400V, V, =75V, and I, = 1.3 A). (a) Measured waveforms of
Vaux_rec; Vaux_21, and Vaux_22- (b) Measured Waveforms of Vaux_rec, ﬁanuxl
and Uaux21-
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Fig. 18.

Key waveforms of the knee point detector in the DCM.
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Fig. 19. Measured curves of the output current under different conditions

(Vin = 400 V, with symmetrical circuit parameters).

signals v, and vy, v rec can be generated from the sampled
resonant current signal v;,..

Fig. 16 presents the measured waveforms of v, Uiy reci,
Vir_rec21, aNd Vi rec22 in the DCM. It can be seen that the wave-
form of v;, rec has been divided into three parts successfully.

The auxiliary winding voltage waveforms in the DCM are
shown in Fig. 17. Fig. 17(a) shows the waveforms of the rectified
auxiliary winding voltage v,ux rec and extracted waveforms
Vaux_21 and Vaux 22. Obvious oscillation on the waveform of
Vaux_rec during the second resonant region can be observed,
which is caused by the resonance between the magnetizing
inductor L,, and parasitic capacitors. The measured average
waveforms Uauxo1 and Uaux1 are shown in Fig. 17(b). Uauxo2
has almost the same amplitude as waveform v,,x21 due to the
symmetrical operation condition.

Fig. 18 shows the key waveforms of the knee point detector
in the DCM. It can be found that the first resonant current region
can be detected accurately with the knee point detector, which is
very important for reducing the output current estimation error.

Fig. 19 shows the measured output current curves of the
converter under the symmetric condition. For comparison, the
output current curve of the converter without the proposed
compensation circuit is listed in this figure. When the output
current is not compensated, it can be found that the output
current is almost constant in the CCM, and there exists a large
variation as the output voltage increases in the DCM. The
result is consistent with the theoretic analysis. The proposed
magnetizing current compensation circuit can reduce the output
current deviation greatly caused by the magnetizing current in
the DCM. Meanwhile, the parasitic capacitors are large if the
MOSFETs are applied as the secondary rectifiers for efficiency
improvement under low-output-voltage and high-output-current
applications. The feature of the proposed PSR control for this
condition is evaluated. A 400-pF capacitor is added in parallel
to each diode to emulate the parasitic capacitor of the MOSFET.
As shown in Fig. 19, the proposed PSR control can also achieve
good output current regulation under this condition.

Fig. 20 shows the measured LED curves of the output current
versus output voltage under different input voltages under the
symmetric condition. Fig. 20 indicates that the maximal output
current deviation is about +1.5%, which is small enough but
still larger than the calculated value 0.375% by (25). The error
between the test value and the calculated value mainly appears
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Fig. 20. Measured curves of the output current versus output voltage under

different input voltages (with symmetric circuit parameters).
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Fig. 21. Measured waveforms of vaux, Vir, and v;y rec in the asymmetric
condition (Vi, =400 V). (a) CCM (V, =51V and I, = 1.3 A). (b) CCM and
DCM (V, =60V and I, = 1.3A).(c) DCM (V, =72V and I, = 1.3 A).

in the DCM and is caused by the signal transmission delay in
the control circuit.

Fig. 21 shows the measured waveforms of auxiliary winding
voltage through a resistor divider v,,y, Sampled resonant current
v, and rectified signal v, yec in asymmetric cases and under
different output voltages. Both the asymmetric pulse signals
and secondary leakage inductors will cause similar waveform
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under the asymmetric condition. (a) DCM. (b) CCM and DCM.
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Fig.23.  Measured curves of the output current I, with asymmetric pulse and

asymmetric leakage inductors (Vi, = 400 V).

of asymmetric primary resonant current. Fig. 21 only shows the
waveforms under asymmetric condition caused by asymmetric
pulse signals with 600-ns conduction period deviation between
vg1 and vg, which is set manually.

Correspondingly, Fig. 22 shows the waveforms of
Vir_recy Vir_recl, Vir_rec21» and Vir_rec22 in two different
asymmetric operation modes. The waveforms indicate that the
rectified resonant current located in the second resonant region
can be extracted appropriately whatever the operation condition
is.

Fig. 23 shows the measured output current curves with asym-
metric pulse and asymmetric secondary leakage inductors. To
create the asymmetric pulse, the conduction period of vy is
set to be 600 ns shorter than vgy. To create an asymmetric
secondary leakage inductor condition, the leakage inductances
of secondary windings are set to 1.3 and 4 uH, respectively. The
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Fig.24. Measured transient waveforms of the output current I, with the output
voltage V,, changes from 48 to 78 V (Vi = 400 V, LED load). (a) Proposed
PSR control. (b) Conventional SSR control.

maximal output current deviations under these two conditions
are both less than +1.5%.

To further evaluate the proposed PSR control scheme, the
dynamic experiments have been executed. It is known that the
physical model of LED strings is approximately Vins + 1o Req
[19], where V4, is the threshold voltage of LED strings and R
is the approximate equivalent resistor of LED strings.

Fig. 24 shows the tested waveforms as the number of LED
strings increases (LED string voltage jumps from 48 to 78 V).
Due to the bulky capacitor of the prototype, the output voltage is
held up by the bulky capacitor on the time when the added LEDs
are inserted in the load loop. Therefore, the output current 1, will
first droop rapidly to maintain the LED string voltage. Fig. 24(a)
shows the dynamic waveforms with the proposed PSR control
regulation. For comparison, the measured dynamic waveforms
with the conventional secondary-side regulation (SSR) control
are shown in Fig. 24(b). The test results illustrate that the
proposed PSR control will not affect the dynamic performance
and stability of the LLC resonant converter.

For comparison, another experimental prototype with the
same power specification based on the LLC PSR scheme shown
in [10, Fig. 10] has also been built up. The theoretical value
of compensating inductance, which can be calculated according
to the expression Leomp = L, - No/Np, is 114 pH. The ex-
perimental result proves that the prototype with high precision
compensating inductor L.,mp, can achieve high accuracy output
current (£0.5%), as shown in Fig. 25. Unfortunately, the induc-
tance usually has a tolerance of £5% during batch production
because of the manufacturing technique, which will cause about
+3% output current deviation, as shown in Fig. 25. Meanwhile,
the magnetizing inductance L,, also has a tolerance of 5% in
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Fig. 25. Measured curves of the output current I, with different values of
inductance Lcomp in symmetric condition (Vi, = 400 V).

TABLE II
COMPONENT PARAMETERS OF THE FLYBACK PROTOTYPE

Parameters
ISAO7N65A, 7A/650V
Core:RM12, L,=800pH

Components
Main switch O,

Transformer 7'

N,:N=24:10
Output diode D, MURS840, 8A/400V
Output capacitor C, 2x220uF/100V
1.400
~ 1.350
N
£ 1300 | A e i
5
g 1.250
Q
S 1200
£
O 1150 —+—PSR flyback
1.100
48 51 54 57 60 63 66 69 72 75 I8
Output Voltage V, (V)
Fig. 26. Measured output current curve of the PSR flyback prototype
(Vin =400 V).

practical application, which will further deteriorate the precise
of output constant current. It means that the schemes in [10]
are very sensitive to the main circuit parameters, which means
that these schemes are not suitable for mass production. On the
contrary, the proposed LLC PSR control scheme is insensitive
to the main circuit parameters.

In addition, a boundary conduction mode PSR flyback proto-
type with the same operation conditions has also been made for
comparison; specific circuit parameters are shown in Table II.
The PSR flyback is controlled by a PSR controller SD6800 from
Silan Ltd.

Fig. 26 shows that the flyback prototype can achieve high
accuracy of output current (+1%). One reason is that the im-
plementation circuit for flyback PSR control is much simpler.
Besides, the integrated IC is of less signal propagation delay
than using discrete components. Thus, it can be expected that
if the proposed PSR control circuit is further integrated into a
single chip, the time delay can be reduced, and the output current
regulation can be improved. As shown in Fig. 27, the efficiency
of flyback is lower (>2%) than the LLC topology under this
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Fig. 27. Efficiency curves of the proposed PSR LLC and PSR flyback (Vi, =

400 Vand I, = 1.3A).

application, which means that the LLC resonant converter is
more suitable for high-power applications. However, the LLC
resonant converter is of higher cost and larger size than the
flyback converter. Therefore, it is necessary to develop the PSR
controller for the LLC resonant converter.

VII. CONCLUSION

In this article, a novel PSR control circuit based on output cur-
rent estimation for the HB-LLC LED driver has been proposed
and studied. The output current estimation is realized based
on a proposed “magnetizing current cancellation method.” The
PSR control circuit is implemented by combining the proposed
output current estimation circuit with the conventional LLC
controller. Theoretical analysis and experimental results have
proved that the proposed PSR control can achieve good output
regulation whatever in the CCM or DCM under symmetrical or
asymmetrical conditions. The analysis in this article is helpful
to design an LLC PSR control IC for low- or medium-power
dc—dc LED driver applications. It can be looked forward that the
accuracy of output current regulation can be further improved if
the proposed LLC PSR control circuit is integrated into a chip.
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