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Abstract: This paper has analyzed the defects of the traditional extended description function
(EDF) based LLC small signal modeling method when driving light emitting diode (LED) load and
proposed an accuracy improvement method. Detailed small signal model modeling methods have
been deduced, and the accuracy of different modeling methods has been compared thoroughly. To
suppress the second-order harmonic ripple in the direct current link-induced output current ripple, a
quasi-resonant controller (QRC) is adopted to realize active ripple rejection (ARR). Considering the
frequency of the second-order harmonic ripple changes with the grid voltage frequency, a single-phase
software phase lock loop (SPLL) is adopted to extract the frequency of the second-order harmonic.
By dynamically regulating the control parameter of the QRC according to the locked second-order
frequency, output voltage ripple active rejection ability immune to grid voltage frequency deviation
is obtained. Based on the deduced accurate small signal model, the digital controller is designed with
stability, steady state and dynamics performance guaranteed. The accuracy of the proposed small
signal model, the SPLL and the QRC-based ARR method has been verified at last.

Keywords: LLC converter; small signal modeling; active ripple rejection; quasi-resonant
controller; SPLL

1. Introduction

LLC resonant converter possesses the merits of voltage isolation, voltage regulation
ability, soft witching with zero voltage switch (ZVS) for the transformer primary power
semiconductor devices and zero current switch (ZCS) for the transformer secondary power
rectifiers, which make it prevalent in the applications of LED driver, data center power
supply, household electrical, electrical vehicle charger and so on [1-5].

Generally, the design work of the LLC converter can be divided into the resonant
parameter design and the digital controller design. First, the harmonic approximation
(FHA) method is largely adopted for the design of resonant parameters according to
the voltage regulation requirement, acceptable frequency variation range, ZVS, maximal
allowed resonant frequency and other design restraints [6,7]. As to the design of the digital
controller, the LLC small signal model should be deduced first. In most cases, the key
control object of the LLC converter is to keep the output voltage constant, and the output
load is treated as a pure resistance. Based on this assumption, many extend the description
function based small signal models of the deduced LLC converter [8-11].

However, for LLC converter driving LED, the load is highly nonlinear. Besides, the
control objective is to regulate the output current but not to keep the output voltage constant.
Thus, the traditional EDF small signal modeling method treating the output load as pure
resistance is not accurate enough. The authors of [10] treated the LED load as a power
equivalent resistance load and established the small signal model of the LLC LED driver
by the traditional EDF as in [8,9]. As has been verified by the authors of [11], owing to
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the nonlinear LED load, the deduced output current to normalized switching frequency
small signal model in [10] is not accurate. By considering the nonlinear model of LED
load, the authors of [11] have constructed an accurate small signal model of LLC converter
with LED load. However, the problem that the traditional resistance equivalent model
is not accurate has not been solved by the authors of [11]. This paper has analyzed the
defects of the traditional EDF-based small signal modeling method when driving LED
load, and the accuracy of the small signal model has been improved by calculating the
transfer function using the internal resistance of LED load but not output power equivalent
resistance. The accuracy of the improved EDF modeling method for LED load has been
verified by small signal frequency response experiments. Based on the accurate small signal
model, the compensation controller is designed with stability, steady state and dynamic
performance obtained.

To promote the reliability and duration of the off-line LED driver system, a high
lifetime film capacitor in the direct current (DC) input port is gradually replaced by the
electrolytic capacitor [12,13]. In most cases, the DC input terminal of the LLC LED driver
is powered by a single-phase boost-type power factor correction (PFC) power supply,
due to the low capacitance of the film capacitor, the DC output voltage ripple of PFC
with film capacitor as filtering and supporting capacitor is larger than that of electrolytic
capacitor. Furthermore, the main harmonic of the voltage ripple is the secondary order
harmonic [14,15]. Due to the small internal resistance of LED, without proper control, DC
link voltage ripple-induced LLC converter output voltage ripple will cause a large current
ripple, which will cause an unacceptable flicker. To solve this problem, a quasi-resonant
controller (QRC) as in [16,17] is adopted to realize active ripple rejection (ARR). As the gain
of the QRC decreases sharply once grid voltage frequency shifting happens, a frequency
adaptive single-phase software phase lock loop (SPLL) as in [18,19] is adopted to lock the
grid voltage frequency. By dynamically tracing the frequency of the input voltage ripple
and regulating the control parameter of the QRC, the best ARR performance is realized.
The correctness of the designed SPLL and the QRC-based ARR method has been verified
by simulation results.

The remaining content of the paper is arranged as follows. Section 2 discusses the EDF-
based LLC LED driving converter small sighal modeling method, analyzes the defects of
the power equivalent resistance-based model, and constructs the transfer function between
the output current and the normalized switching frequency. The compensator controller
and output current ripple rejection controller are detailed in Section 3. The correctness
of the proposed close-loop controller is verified in Section 4. The conclusion is given in
Section 5.

2. Small Signal Model of LLC Converter with LED Load

The typical circuit diagram of a half-bridge LLC LED driver is shown in Figure 1,
where voltage V;, represents the half-bridge input quasi-square wave voltage and its peak
voltage equals the input DC input voltage V;,. L, and C, represent the resonant inductance
and capacitance, respectively, and r; is the parasitic resistance of the resonant loop. Ly,
is the magnetizing inductance and the transfer ratio of the transformer is N:1:1. D7 and
D, are rectifier diodes connected to the center-tapped secondary coil of the transformer.
C, is output filter capacitance and . is its parasitic resistance. V, and r; represent output
voltage and LED diode internal resistance, respectively. i, iy, i, and is are resonant current,
magnetizing current, transformer primary side current and rectifier current, respectively.
P, is the nominal output power. R, is the output power equivalent load resistance, which
will be used as the output load resistance in the following traditional EDF-based LLC LED
driver small signal model. The main circuit parameter values are designed based on the
FHA method and are given in Table 1.
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Figure 1. Circuit diagram of half-bridge LLC converter. The resistance boxed by dotted red line
represented the output power equivalent resistance R,.

Table 1. Main circuit parameter values.

Ly 253 uH Vi 80V
Cr 10 nF 4 6.2
L 760 uH Te 50 m
N 2.3 Co 10 uF
Ts 010 P, 100 W
fr 100 kHz Vin 400V

2.1. Traditional EDF-Based LLC LED Driving Small Signal Modeling

As has been pointed out in Section 1, the analytical method to obtain a small signal
model of the LLC converter is the EDF method. The deduction of the traditional EDF
method can be divided into the following six steps.

2.1.1. Nonlinear Circuit Equations

The first step of the EDF method is listing the nonlinear equations of the LLC converter
based on Kirchhoff voltage and current laws. In the traditional EDF modeling method, LED
load is treated as an output power equivalent resistance R, which equals V,2/P,. According
to the half-bridge circuit diagram shown in Figure 1, Equations (1)—(5) can be deduced.

di . .
Vgp = L,d—; + irrs + vy + sgn(ip) V¢, 1)

where 1 f( O)
) —1,1f (1, <
sgn(ip) = {+1, if(iy > 0)

. dv
ir =Gy d;:r ()
The equivalent output voltage V¢, at the transformer’s primary side is
. di
sgn(ip)ve, = Lmd—’: 3)

The relationship between the rectifier current is and the output capacitance voltage

UCOiS
. Ye dUC (Ye
=(1+F @ o 4
's ( +RO)C° i TR @
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According to (4), output voltage v, can be represented as:

/
T

Vo = This + r—cvco (5)
Cc

where 1./ = 7.||R,.

2.1.2. DC and First-Order Harmonic Approximation
In the second step, state variables are approximated by their fundamental sin and cos
components. Resonant current i,, magnetizing current i,; and resonant capacitor voltage
vc, can be approximated by their fundamental harmonic as shown in Equations (6)—(8),
respectively:
ir(t) = ips(t) sinwst — iy (t) cos wst (6)

where w; is the switching angular frequency.
i (1) = ims(t) sinwst — iy (1) cos wgt (7)

In Equations (6) and (7), irs (is) and ic (i) are the amplitudes of resonant current i,
(magnetizing current i,,) fundamental sine and cosine components.

In Equation (8), V;,/2 is the DC bias component, and v¢s and v, are the amplitudes of
resonant capacitance voltage vc, fundamental sine and cosine components.

2.1.3. Extended Description Function

The third step is the most important step because, in this step nonlinear variables in the
circuit, equations are approximated by the DC and fundamental sin and cos components of
state variables. The nonlinear terms in Equations (1) and (5) such as sgn(iy)*vc,’, U and is
can be approximated by their fundamental and DC terms as shown in Equations (9)-(11).

Uab = Vin/2+ f1(d, Vac) sin(wst) ©)
sgn(ip)oe, = faliss, is, v¢,) sinwst — fa(ise, is, G, ) cos wst (10)
is = f4(iss/ isc) (11)

In Equation (9), the first-order harmonics amplitude f1(d, v;.) can be calculated by the
Fourier series expansion method as given in Equation (12).

2V T
fild,0i0) = = sin(5d) = v (12)

where d is the duty ratio of half one switch cycle, and v is the first-order sine component
of the resonant tank input voltage. The transformer’s primary voltage is also a triangle
waveform with zero dc component, and its first-order harmonic is in phase with the primary
winding current. By the EDF method, the sine and cosine components of the transformer’s
primary voltage can be represented by Equations (13) and (14), respectively.

41 4n i

s / ps v ps

lss, lsp, U = —"0Vr = ——"0c =70 13

fz( ssslsp Ca) T ipp Co 7T ipp Co ps ( )
. . 4 l c 41’11 c

f3(1scflsp/7/co) =—Fy = —FE 0c, = Upc (14)

: C ;
ﬂlpp 0 s lpp
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where iss and isc are the sine and cosine components of the transformer’s secondary current.
Ups and vy, are the sine and cosine components of the transformer’s primary voltage. ips
and iy, are the sine and cosine components of the transformer primary current, and iy is
the root mean square value of the transformer primary current first order harmonic sine
and cosine amplitudes as in Equation (15).

ipp = /i3 + 12, (15)

2.1.4. Harmonic Balance Method

In the fourth step, by substituting the state variables and nonlinear variables into the
nonlinear equations and adopting the harmonics balance method, the nonlinear large-signal
model of the LLC converter can be deduced.

Substituting Equations (6)—(15) into Equations (1)—(5), the corresponding DC, sine and
cosine terms are balanced, respectively. Thus, Equations (16)—(23) can be obtained.

di . )
Uis = Ly <drts + Wslrc) + Tslys + Ucs + Ups (16)
diye . .
0=L, ar Wslys | + Tslye 4 Vee + Upe (17)
, dv
irs = Cy <dtcs + stcc> (18)
. dv
lre = Cr( dtcc - wsvc5> (19)
di )
Ops = Lm( dn;s + wﬂmc) (20)
di .

Opc = Lm( dn;c - w51m5> (21)
2= (1422 )¢, 2 4 %G (22)
e R,) ™ dt ' R

2n r!
Vy = ré;zpp + ivcu (23)

2.1.5. Steady-State Working Point Calculation

Next, by assuming the deviation of state variables to be zero, the steady state working
point can be calculated in the fifth step. Under the condition that the output power keeps
constant, the output resistance R, can be transferred to the transformer’s primary side, and
the equivalent resistance R, is given in Equation (24).

8n?

Re = ? R, (24)

According to Equation (22), Equation (25) can be calculated as:

Taking (25) into Equations (13) and (14), Equation (26) can be calculated:

Vys = IsR
ps pstre 26
{ Vpc = IpcRe ( )



Energies 2023, 16, 3773

6 of 18

According to KCL and harmonics balance, the relationship between sine and cosine
components of resonant current i,, magnetizing current i,;, and transformer primary current
ip is given in Equation (27).

Ips = Lis— 1
ps rs ms 7
{ Ipc:Irc*Imc ( )

When working in steady state, the state variables in Equations (16)-(23) do not change
with time. By setting the time derivatives to be zero, the steady-state operation point can
be calculated as shown in Equations (28)—(31). In (28), as d is the duty ratio of half one
switching cycle, the steady state value D equals one.

{ 2Vie §in(2D) = LyQslye + slys + Ves + IpsRe 28)
0= —LyQslys + rshe + Vee + IpcRe

{rzoe. @)

{ Y @)

VCD = Z;nlppR (31)

To calculate the steady state working point, it is better to represent Equations (24)-(31)
in matrix form as shown in Equation (32).

E-X=U (32)

where steady state variable vector X = [I;s, Irc, Vis, Ve, Lins, LuclY, input variable vector
U=[Vi,0,0,0,0,0,0]T, and coefficient matrix E is given in Equation (33).

re+R. LQs 1 0 ~R, 0
—L,Qs rs+R, 0 1 0 —R,
I 0 0 -GQ, 0 0
E=1 o 1 GO, 0 0 0 (33)
R, 0 0 0 —R,  —LuQ
0 Re 0 0 LuQs —Re

Then steady state working point can be calculated by matrix manipulation as in
Equation (34).
X=E'U (34)

2.1.6. Small Signal Perturbation

At last, based on the calculated steady-state working point, the small signal model
of the LLC converter can be deduced by small signal perturbation nearby the steady-state
working point.

To obtain the small signal model of the full bridge LLC converter, perturbation and
linearization in Equation (34) should be taken at the steady state working point.

irs = Irs + frs ire = Irc + frc

Ups = Vps +0ps Ope = Ve + Opc

Ues = Vs + chs Vee = Ve + Z?cc

ims = Ims + ims imc = Imc + imc

Vie = Vac + 04 vc, = Ve, + ¢,

d=D+d  ws =0+ wds/wr = Qs + w,Qsn

(35)
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where w;, is the resonant angular frequency, and @,y is the switching angular frequency
perturbation normalized to wy.

By substituting Equation (35) into the large signal model of Equations (16)—(23) and
eliminating the steady-state working point, the small signal model of the full bridge LLC
converter can be obtained as follows:

di rs+H; L,Qs+H; H; H )
d—? = — I ps ? rs — ” pe 5 lrc + L ps st "‘ L ch — IrcwrwsN
N Hope . K
_% - Zps Oc, + Jvdc + 71 d
G LG s rs—i—G,pC ', " (36)
th = L, lrs — L; Ire + L l’rﬂs + L lmc + Lisw,wsnN
Ycc ope A
Ly L, YCo
s _ A . i
i = QsDec VccwrwsN‘i: o 37)
B — 0,005 + Viscor@oy +
dt sUcs csWrWsN C,
d?ms — Hips 2 H N H; 5 2 . Ln105+H1 vas N 7 .
Irs + lrc Ims lmc + (46 mcWrWsN
dt L Lo & Lr& Lm (38)
iy Gil’s 7 Gipe Lm Glps G
d = T T, L ims — Lo ime + To0c, + ImswrwsN
dZ’}CO — RoKlps { RoszC i\ ROKIPS { B RuKlpC ,.\ 1 ﬁ
= Rerrgc s e e T WG T WG e T WG 0% (39)
75 /
Vo = rcKips (lrs — lms) + T’CKZ'W (lrc lmc) 4 L UCD

where, coefficients Hipe, Hips, Hops, Gipc, Gips Gops, Kips, Kipe, K1 and K, are defined in the

equation below.
Hy =ty g ey g anhe
ps T T, Cor Hipe = T1 13 o/ TUps T T Ty’
. _4n Ipslpc . 4n ns 4n Ipc
Glps - i 13}7 VCO’ Glpc o ]3 VCO’ HUPS o Ipp (40)
K = 3 sin DZ", Ky =V}, cos Dz
. 211 Ips . _ 21 Ipe
tps = T Lpp” ipe T T Ipp

According to Equations (36)—(40), the state space small signal model of the full bridge
LLC model can be deduced as shown in Equation (41).

y=Cg

where state variable vector £ = [frs,frc,ﬁcs,ﬁcc, Tms, e, ﬁcu], input state variable vector
u = [04.,d,0sN], output variable y = 9,, and coefficient matrix A, B and C in Equation (41)
are illustrated in Equations (42)—(44), respectively.

75+H7'ps LVQS+H7pC 1 0 prs Hipc HUps -
- Ly Ly Ly r Ly L
LrQs_Gips _ rS+Gipc 0 1 Gipc vac
L, L, L, L, L,
& 0 0 -0 0 0
1
0 c Qs 0 0 0 (42)
prs H,-pc 0 0 . LmQs+H; vab
Lm m Ly Lm m
Gips Gipc 0 Lsz*él‘ps . G,'pC vac
L L Ly Ly
Roﬁ;ps Rolg;pc 0 R VT(lps RUKipE 1
(Ro+7¢)Co (Ro+7¢)Co (Ro+7¢)Co (Ro+7¢)Co (Ro+7¢)Co
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o]
I
o oo oo obx

—Ircwy
Liswy

—Veew,
Vs Wy (43)

—Imcwy
Imswy

0

c o oo ool

C= |k, 1K, 00 —rK, -—rK, | (44)

ips ipe ips ipe 7o
Based on Equation (41), the transfer function 9, / fs ~ of the half-bridge LLC converter

is deduced in Equation (45).
G(s)=C(ssI—A) 'B (45)

where matrix [ is a unit matrix.

The traditional EDF-based LLC converter small signal model deducing method treats
the load as a resistance Ro. After obtaining the transfer function 3, / fs ~ in Equation (45), the
output current to normalized switching frequency transfer function irgp /f;n is calculated
by Equation (46). For simplicity, this traditional EDF-based LLC LED driver small signal
modeling method is denoted by Reg-R,.

ILED Do
== (46)
fSN fsN'RO

However, the Re;-R, method has ignored the nonlinearity of LED load. There will be
current flowing through the LED load once the positive bias voltage exceeds the threshold
voltage vy,. Thus, to improve the accuracy of the transfer function irgp /f;n, Equation (47)
should be adopted, where r; is LED internal parasitic resistance. For simplicity, this
improved EDF-based LLC LED driver small signal modeling method is denoted by Re;-7.

iLep _ Do (47)
fSN fsN'rd

Comparing Equations (46) and (47), it can be seen that the gain calculated by (46) is
not accurate. The larger the difference between R, and 7, is, the bigger the DC gain error
calculated by Equation (46) is.

2.2. Improved EDF-Based LLC LED Driving Small Signal Modeling

Though Re;-r; method has improved the DC gain accuracy of the calculated transfer
function i gp /fsn- It is still based on the traditional R4-R, method. The nonlinearity of LED
load has not been taken into consideration during the deduction of the small signal model.
To improve the accuracy of the transfer function irgp/f;n, the output power equivalent
resistance load model should be replaced by the LED nonlinear model. For simplicity, this
LED nonlinear model and EDF-based LLC LED driver small signal modeling method is
denoted by irgp.

The first step is listing the nonlinear circuit equations. By simple circuit analysis,
LED current i1 pp can be calculated by Equation (48). The terminal voltage v;gp of LED is
calculated by Equation (49), and the rectified current is at the transformer secondary side is

given in Equation (50).
ILED = e + D (48)
ra retry  Tetry

. douc
ULED = iLgptq + Vi = v, + rcd—t“ (49)
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. doug, rey L, 0¢,  Va
=C 1+ =)+ — - — 50
Is 0y ( + rd) + > "y (50)
where r. =rc/ /14
Taking Equation (50) into Equation (49), v; gp can be deduced by Equation (51).
) 1,/ r/
ULED = is T+ —S oy + S, (51)
rd rc

The second and third steps are the same as the traditional EDF modeling method,
Equations (6)—(15) can be used here. In the fourth step, Equations (16)—(21) are the same as
the traditional EDF modeling method too. While Equation (22) is replaced by Equation (52).

2. doc fey | 0c, Vi
Zi.=C 0 (14 L) 4 S0 “th
7TZS ¢ dt ( + Td) + Ya rq

(52)

In the next fifth step, the steady state working state can be deduced. According to
Equations (48) and (51), steady state Equations (53) and (54) are derived.

' 2nl V V,
Itgp = Telwpy YG Y (53)
rg 7T re+rg  tetrg
2n
Viep = Ve, = ;Ipp‘rd + Vi, (54)

Taking (53) into Equations (16)—(21) and (52) and setting the deviation equaling zero,
the steady state equations can be deduced as shown in Equations (55)-(57).

2‘7?‘ Sil‘l(%D) = L, Qslpe + (rs + Rac)lrs + Vs — IpsRac + %%Vh (55)
0=—LOshs + (rs + Rac)lrc + Vee — IpcRac + %%V
Irs = CYQSVCC
56
{ Ire = =G Qs Vs ( )

_Raclps + LinQs Iine — %%Wk =0 (57)
Raclpc + LinQs e + %%Wk =0
where R, = %Zrd. According to Equations (55)—(57), the steady-state working points can
be calculated by numerical calculation.
The last step is calculating the small signal transfer function by perturbation and
linearization at the steady-state working point. The deduced state-space model of the LLC
LED driver is given in Equation (58).

X = Alf + Blul (58)
y1 = C1X 4+ Duy

where state variable vector £ = [frs,frc,ﬁcs, Dec) Ims, Lme, Oc,], input state variable vector
uy = [0in, O, d, Wsn|, output variable y = irp, and coefficient matrix A;, By, C; and D; in
Equation (41) are illustrated in Equations (59)-(62), respectively.
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_ rs+H1‘pS _ LrQS+HipC 1 0 Hips Hlpc H'Ups
L, Lé L, L, Ly Ly
LiOs=Gipe  1s+Gip 0 _1 Gips Gipe Gope
Llr Ly Ly Ly Ly Ly
& 0 0 -0 0 0 0
0 - Qs 0 0 0 0 (59)
T
Hips Hipc 0 O _ Hips Lsz"PHipC vas
m m Ln Lm Lm
Gips Gip, 0 0 Ly Qs— éips Gipe vpe
L Ly, L Ly, L
rdﬂps T ipc 0 0 N rd%zps o rd1<’i/’pc _ 1
L (rg+7c)Co (rg+rc)Co (rg+rc)Co (rg+rc)Co (rg+rc)C
—Kl Kz -
T, 0 T, —In;(,()y
0 0 0 L sw,
0 0 0 —Veewy
0 0 0 —Iycwy
0 0 0
1
L 0 C, (I’d+1’g) 0 0 i
! ! / ]
_ rcKips rcKipc _rcKips _rCKipc A ]
Cl - 4 7},{1 0 0 4 rq rdcrc (61)
o 1
Dy = [0 -0 0} (62)

Based on Equation (58), the transfer function i1ED/ fs n of the half-bridge LLC converter
can be deduced from Equation (63).

G(s) = Ci(s-I— A1) "By (63)
where matrix I is a unit matrix.

2.3. Small Signal Model Accuracy Verification

Based on the circuit parameters given in Table 1, the bode diagrams of Rej-Ro, Reg-
r4 and ippp method-based transfer functions are illustrated in Figure 2. In addition, a
frequency sweep experiment is conducted in a circuit simulator to obtain the accurate
transfer function i; gp /fsn curve as shown in Figure 2.

Bode Diagram

40 A
o vmom@é& :
_coﬂ Py Nalalatalatalale'a ‘e el X : : :
) RS : :
[3) 0N\ : an : :
© F=——==== = = R . R
= N ‘QQQQ%ﬁQ_\ °
= -20 - S0 o
2 S~ T )e
> 40 : <0
~ N
—60!
1803 CTIITTIRITIOCE,
: OO :
_ Hi % :
jo)) : : 0, :
S 0 R .. es "
- eq d : o
8 - Req . ‘vv@é@@%
© . :
-E s 'tep : : -
e O Experiment : DO
36 | : :
10° 10° 10* 10°

Frequency (Hz)

Figure 2. Bode diagram of four different transfer functions.
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From Figure 2, it can be seen that:

The Bode diagram of the transfer function (TF) iigp /f;n (shown by the curve i gp in
Figure 2) based on the LED nonlinear model is in consensus with that of frequency
response experiment results (shown by the curve Experiment in Figure 2), which
verify that the small signal model based on the LED nonlinear model has the high-
est accuracy.

As in paper [3,4] and shown in Figure 2, TF i gp /f;n calculated by v, /f;n/R, (Bode
diagram shown by the curve R¢4-R, in Figure 2) causes the calculated open-loop gain
much less than that of LED nonlinear model-based calculated TF. While the open-loop
gain of the TF calculated by v,/fsn/7; (Bode diagram shown by the curve Re;-7; in
Figure 2) is almost the same as that of LED nonlinear model based calculated TF
as illustrated in Figure 2. This is because the threshold voltage of lighting LED is
large and the power equivalent resistance R, of LED is much greater than its internal
resistance r;. Thus, after obtaining TF v, /f;n between the output voltage v, and the
normalized switching frequency f;y based on the power equivalent resistance model
of LED, the TF i gp /fsn should be calculated by v, /fon /74, not v, /fsn/Ro.

As it has been verified that the calculated circuit DC working points are almost the
same regardless of if the LED nonlinear model or the power equivalent resistance
model is taken into account. In fact, the main difference between the LED nonlinear
model and power equivalent resistance-based LLC converter small signal model
comes from the load model itself. From Figure 2, it can be seen that the small internal
resistance of LED has a significant impact on the damp ratio of the oscillation element
with a pair of dominant complex poles in the TF ijrp/fsn. The closer the internal
resistance 7, is to the power equivalent resistance R,, the more accurate the power
equivalent resistance R, based small signal model is.

Based on the circuit parameters given in Table 1, the LED nonlinear model-based TF

irep/fsn is deduced as given in Equation (64).

Gs(s) =

5.8-10°(s + 8.04-10%) (s — 5.178:10°) (s + 2-10°) (s> + 5.188-10%s + 6.64-10'1)

(64)

(s + 1.374-10°) (s2 + 1.61-10%s + 8.38-108) (s2 + 1.545-105s + 2.55-1011) (52 4 2.2-105s + 1.17-1012)

Equation (64) is too complex for the design of a compensation controller. Thus, it

can be simplified by dominant poles and right half plane (RHP) zero as in Equation (65).
Though simplified, the accuracy of the open-loop TF is reserved as illustrated in Figure 3.

Magnitude (dB)

Phase (deg)

30 T T
20 Mﬁ}%\o
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o &&&&%\
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-20
180
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90! Ki%
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o %

—45

1.51-10%(s — 5.178:10°)

G =
s_s(s) s2 4+ 1.612-10%4s + 8.383-108

(65)

Bode Diagram
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Figure 3. Bode diagram of LLC open-loop TF Gs and simplified TF Gs_s.
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3. Close-Loop Control of LLC Converter with LED Load

The close-loop control diagram of the LLC LED driving converter is illustrated in
Figure 4. As has deduced the output current to normalized switching frequency open-loop
TF G;, the compensation controller G, can be designed with the desired steady state and
dynamic performance obtained. However, in order to promote the reliability and duration
of the LLC LED driver, the input large capacitance value electrolytic capacitor has been
replaced by a small capacitance value film capacitor, which causes that there is alternate
current (AC) voltage ripple in the input DC voltage. As the input DC voltage comes from
the front-end rectifier, the frequency of the input AC ripple voltage is two times that of grid
voltage f;c. The input AC voltage ripple will cause considerable output current ripple, so
the active ripple rejection (ARR) method must be adopted.

Figure 4. The close control diagram of the LLC LED driver. Box in green represents controller G,
and Ggg, Box in blue represent feedback modules, box in red represents deduced output current to
normalized frequency transfer function of LLC converter, box in brown represents deduced transfer
function Gy,.

In order to suppress the input AC voltage-caused output current ripple, a high-gain
quasi-resonant controller (QRC) Ggr at the frequency of 2f,c is adopted. As shown in
Figure 4, the QRC is in parallel with the controller Q.. Controller Q. takes the role of
the average output current regulation and the QRC has a significant effect on the output
current ripple rejection.

3.1. Quasi-Resonant Controller-Based ARR

The TF of the QRC is given in Equation (66), in which there are gain k, center angular
frequency w, and damping ratio ¢ as the three control parameters. Setting the center
frequency to be 2f,c (100 Hz), the Bode diagrams of the QRC under different damping ratios
¢ are shown in Figure 5.
2kew,s

Qr(s) TS24 20wes + w2

(66)
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Figure 5. Bode diagram of QRC under different damping ratios under k = 1.
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From Figure 5, the following can be seen:

The QRC has an adjustable peak amplitude at the center angular frequency w,. So,
the center angular frequency w, of the QRC can be set to be two times the grid voltage
frequency to obtain a maximal gain of the input signal.

The value of the damping ratio has an important influence on the amplitude and
passband of the QRC. The smaller the damping ratio is, the larger the peak gain and
the narrower the passband. So, the value of the damping ratio should be designed
under the balance of peak gain and the passband width.

Control parameter gain k can promote the gain at the whole frequency range, which
is not recommended to be set too large to simplify the design of the compensation
controller Q..

The control diagram of the QRC is illustrated in Figure 6.

K

S —
—{ X+
><<—i<—

Figure 6. The control diagram of QRC.

If the frequency of the grid voltage is stable, a small damping ratio value can be

chosen to have a large enough gain with good output current ripple rejection performance
guaranteed. However, in practice, the grid voltage frequency is varying because of the
dynamic changing of source and load power. To obtain a good ARR performance, a second-
order general integral (SOGI) single-phase SPLL as shown in Figure 7 is adopted to trace
the grid frequency.
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Figure 7. The control diagram of SOGI-based single-phase PLL.

By dynamically changing the center frequency of the QRC according to two times of the
SPLL locked grid frequency, the output current ripple can be suppressed to a considerably
small level.

3.2. Compensation Controller Design

Now it comes to the design of the compensation controller G.. The design of controller
G is based on the deduced simplified open-loop TF given in (2). As can be seen that the
system type of (2) should be promoted to be one to eliminate the steady-state error. So,
compensator G, should have an integral element. At the same time, the two dominant
poles in (2) will cause too large a declining speed of logarithmic amplitude and phase
curves, which is not favorable to stability and dynamic response performance. Thus, two
zeros same as that of the dominant poles are added in the compensator G.. In addition, to
suppress the gain at frequency points no less than the switching frequency, a pole at half of
the switching frequency is added to G.. Based on the above compensator design principle,
the TF of the controller G, is given in Equation (67).

ke(s? +1.612-10%*s + 8.383-10%)

G. =
¢ 8.383-1085(2s/ws + 1)

(67)

In Equation (67), k. is the open-loop gain and w; is the minimal switching angular
frequency. Open loop gain k. of G, is designed according to the desired phase margin and
amplitude crossover frequency w.

As shown in the close-loop control diagram in Figure 4, to filter out the switching
frequency noise, there is a second-order low pass filter (LPF) in the feedback loop and its
TF Grpr is given in Equation (68).

kfa)}
24 wr/Q +wj2£

Grpr (68)

In (68), wy is the cut-off frequency of the LPF and Q is the quality factor. In the design
of the LPF, wy is set to be 20 kHz, which is less than half of the analog-to-digital conversion
(ADC) sampling frequency to filter out the high-frequency noise and Q is set to be 0.5 to
obtain a smooth filtering performance.

By far, the loop gain G,j; of the LLC LED driving converter can be obtained by multi-
plying the three TFs shown in Equations (65), (67) and (68). In practical control, the AD
sampling frequency is 50 kHz, and the switching frequency equals the resonant frequency
of 100 kHz. The Bode diagrams of both TF in Equation (65) and G, are illustrated in
Figure 8.
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From Figure 8, it can be seen that without a compensator, the original control system
is unstable. Under the designed compensator, the crossover frequency of the compensated
control system is set to be 1.46 kHz with a phase margin of 79.6°. The open-loop gain k. of
the compensator G, is set to be 1000.

4. Simulation Verification

To verify the correctness and effectiveness of the constructed LLC LED driving con-
verter small signal model, the QRC controller, the SPLL-based output current ripple method
and compensation controller design method, the LLC LED driving converter as shown
in Figure 1 simulating prototype is constructed in Simulink and the close-loop controller
shown in Figure 4 is implemented in the simulation experiment. In the simulation, the
input DC voltage Vin is 400 V, and the default input AC voltage is a sine wave with a peak
voltage of 40 V and frequency 100 Hz. The control parameters damping ratio and gain of
the QRC controller are set to be 0.02 and 1, respectively.

Figure 9 illustrated the output current and voltage waveform under the control of
the proposed compensation controller with and without the QRC. Before time 0.12 s, both
compensator Q. and output current ripple rejection controller QRC work, and the output
current is controlled to the reference value 1 A with a peak-to-peak current ripple of
80 mA. After 0.12 s, the QRC controller is cut-off and the peak-to-peak output current
ripple is increased to 200 mA. Figure 9 has verified the correctness and effectiveness of the
compensation controller and output current ripple rejection controller QRC.

In Figure 10, the LLC LED driving converter is controlled with the designed com-
pensator Q. and ARR controller QRC, and the dynamic output current and voltage are
illustrated under dimming conditions. Before 0.08 s, the reference current is 1 A. In the
time span from 0.08 to 0.09, the reference current declined linearly from 1 A to 0.75 A. In
the time span from 0.09 to 0.12, the reference current keeps being 0.75 A. After that, in the
time span from 0.12 to 0.14, the reference current decrease linearly from 0.75 A to 0.35 A
once again and stays at 0.35 A.
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Figure 9. Output (a) current and (b) voltage under the control of the design compensator Qc with
and without QRC. The line in red color represent output current waveform and The line in green
color represent output current waveform. The colors make the waveform more clear for reader.
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Figure 10. Output (a) current and (b) voltage under the control of the designed compensator and
QRC under diming conditions. The line in red color represent output current waveform and The
line in green color represent output current waveform. The colors make the waveform more clear
for readers.

From Figure 10, it can be seen that the close-loop controller can closely follow the
changing reference current without overshooting. Figure 10 has further verified that the
designed compensator and ARR controller can effectively control the output average
current and suppress the output current ripple under different current levels and have
good dynamic performance.

In Figure 11, before time 0.1 s, the input AC voltage frequency is 100 Hz, while after
0.1s, the input AC voltage frequency is jumped to 120 Hz. In the time span from 0.1 s to
0.14 s, the center frequency of the QRC controller still keeps 100 Hz, and the output peak-
to-peak current ripple is increased from 80 mA to 110 mA because of the gain decreasing
of the QRC when the input voltage frequency deviating from the QRC center frequency.
Compared with the 200 mA peak-to-peak current ripple shown in Figure 9, it can be
seen that the QRC can still suppress the output current ripple at the nearby of its center
frequency. After 0.14 s, the center frequency of the QRC is updated to be 120 Hz based on
the SPLL locked grid frequency. It can be seen that the output peak-to-peak current ripple
is decreased from 110 mA to 80 mA again.
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Figure 11. Output (a) current and (b) voltage under the control of the designed compensator and
QRC with and without SPLL. The line in red color represent output current waveform and The
line in green color represent output current waveform. The colors make the waveform more clear
for readers.

Figure 11 has verified that the SPLL-based QRC can effectively suppress the output
current ripple even if the grid voltage frequency deviates from the nominal value, which
makes it suitable for the weak power grid with large amounts of new energy penetration.

5. Conclusions

This paper has deduced the small signal model of the traditional power equivalent
resistance and the EDF-based LLC LED driving converter and analyzed the effect that LED
low internal resistance has on the transfer function. After that, the accurate small signal
model with the LED nonlinear model considered is deduced and verified. Based on the
deduced accurate small signal LLC model, a compensation controller design method is
proposed with desirable steady state and dynamic performance obtained. To suppress
the input AC voltage-induced output current ripple, a quasi-resonant is adopted and the
control parameter design method is detailed. A single-phase software phase lock loop
is adopted to trace the grid voltage frequency deviation to obtain the best active ripple
rejection performance. The correctness and effectiveness of the proposed design method
have been verified by a large number of simulation experiments.
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