Attempt to calculate flyback converter output
ripple

By K. B.

October 24th, 2023

1 Flyback converter working cycle analysis attempt

“ON” Phase MOSFET swithced “ON”, primary current increases to its thresh-
old level, energy stored in magnetic field.

“OFF1” Phase Secondary coil gets energised and then demagnetizes, output
capacitors receive charge. Reflected voltage across auxilary coil switches "OFF"
MOSFET.

“FEEDBACK?” Phase Shunt regulator switched "ON", Output capacitors
discharges. C2 discharge path to ground activated by feedback signal, so MOS-
FET’s gate voltage not rising.

“OFF2” Phase Shunt regulator switched "OFF", C2 capacotor recharges and
MOSFET’s gate voltage rises back to threshold level.



2 Calculations attempt

2.1 Setup
’ Ttem \ Value \ Comment
Co 0.022 yF
CEcg 330 p.F
CE04 470 pF
Lp 997 uH
Nauz 6 turns Auxilary coil winding
Np 72 turns Primary coil winding
Ng1 15 turns Secondary (1st) coil winding
Nga 7 turns Secondary (2nd) coil winding
R1 1 MQ
R2 1 kO
R5 220 Q
R6 047 Q
R7 1 MQ
R11 3.9 kQ
R13 3 kQ
R14 49.9 kQ
Rpson 2.5 Q MOSFET’s DS “ON” reistanse
Rr, 0.7 Q
R, 0.6 Q
VAC 220 Vrms
VBE(Sat) 0.7V Transistor base-emitter saturation voltage
Vi, 0.7V Diode forward voltage
VELen 1.3V Optocoupler’s LED forward voltage
Vas(rh 4V MOSFET’s gate threshold voltage
Vi (1c2) 2V Shunt regulator cathode voltage
VRef(ryp) | 2495V Shunt regulator reference voltage
VEpwa 0.7V DW?2 forvard voltage
VZowa 179V DW1 Zener voltage

DC Voltage from bulk capacitor EC1

Vin = V2Vac = V2 - 220V,.,,s = 311.13V

Voo = Vi — 2Vepp = 311.13V — 2. 0.7V = 310V
Zeners DW1 and DW2 clamping voltage
Vow =Vzpwi + Vipy, = 179V 4 0.7V = 18.6V

EC3 and EC4 output capcitors equivalent capacitance




Croer — CrcsCroa 330pF - 470uF 194F
BC = Cpos+ Cpos  330uF +470uF

Output EC capacitors threshol voltage

R14 + R11 49.9kQ2 + 3.9KQ

Secondary coil effective inductance

Lp 997 H
§ T (Np/Ng)? ~ (12/222

Total resistance of primaty coil loop when MOSFET is “ON”

Rp(Loop) = Rip + Rpsion) + R6 = 0.7Q 4 2.5Q + 0.47Q = 3.67Q

Maximum current in primary coil loop

Vbe 310V
I az) = = =84.5A
LrMes) R e ooy 3.67Q2
Threshold current for primary coil loop
VeE(saty 0.7V
Le(Th) R6 0470~ 1P
Time constant for primary coil
L 997uH
== = o798

" Rp(Loop)  3-67Q

Capacitor C2 time constants “A”: Zeners - “OFF”; Q2,Q3 - “OFF” (Charg-
ing from DC)

T2, = (R1 + Ry + Ry)Ca = (IMQ + 1MQ + 1kQ) - 0.022uF = 440228

“B”: Zeners - “ON”; Q2,Q3 - “OFF” (Discharging with zener current)

TC2p = RyCy = OOQQﬂF 1kQ) = 22,LLS
“C™ Zeners - ““OFF”; Q2,Q3 - “ON” (Discharging via path opened by transistors)

Tooe = (Ra + Rs + Rg)Cy = (1kQ + 2209 4 0.47Q) - 0.022uF = 26.945



Output ECs capacitors time constants “VD” - Discharge via R11,R14
voltage divider

“Led” - Discharge via R13 and Led

1D = R13Cpc = 3k - 194 F = 582mS

2.2 “ON” Phase

Duration: Ton;
Initial time moment: to,;) - MOSFET just switches “ON”
Final moment: t,f)- Primary coil current just reached threshold value

Known/definite values

VEC(ton(i)) = Vec(rn) = 34.42V
ILP (ton(i)) =04
ILP (ton(f)) = ILP(Th) =1.5A

VC?(ton(i)) = _VGS(Th) = -4V
Primary coil induced voltage @t ;)

Vie(ton(iy) = —Vpe = =310V

Auxiliary coil induced voltage @t ;)

Naw 6
Vaua (ton)) = A’;‘P” Vip (ton(i) = = - (—=310V) = —25.8V

72

Voltage from transformer’s pin2 @t ;)

VTRQ(ton(i)) = _VAux(ton(i)) = —(—25.8V) =258V

Voltage on MOSFET’s gate @t,,(;, (transformer’s pin2 voltage clamped
by Zeners)

Vas(toni)) = Vow = 18.6V
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Primary coil current rising time Ton

(0 — 84.5A)
(1.5A — 84.5A)

(ILp (ton(i)) = Iop(Max))
(ILP (ton(f)) - ILp(Maz))

Ton = TLpln =272uS - In =4.8uS

Primary coil induced voltage @ty

_To

N _4.9u8
Vi (ton(f)) =V, (ton(s))e Lp = =310V - e 22u5 = —304.5V

Auxiliary coil induced voltage @t ()

Na 6
Vauz(ton(s)) = N—fVLP(tm(f)) =0 (—304.5V) = —25.4V

Voltage from transformer’s pin2 @t r)

Vrrz(ton() = —Vaua(ton()) = —(—25.4V) = 254V

Voltage across C2 @t,,r)calculations:

’UTRQ(t) — ’UR2 (t) — UCQ (t) — VDW = 0

Vrra(ton@y)e br — iRy —ve,(t) — Vpw =0

Vera (tongsy)e 7% — cgdvfli?(t)RQ ey (t) — Vow =0
—RyCy dvz;(t) —ve,(t) = Vpw — ‘/T}zz(?l‘on(z‘))(ﬁ
—Te2p dvz;(t) —ve,(t) = Vpw — VTR2(ton(i))€7ﬁ
dv(jﬁ(t) — [—ve, (t) + VTRz(t(m(i))(ﬁ — Vpw]

Te2p

Numerical solution for differential equation. Octave code:

clear all

clc

tau Lp = 272%10°—6; % S

tau C2B = 22%10"—6; % S

TON = 4.8%10" —6; % S

Ve2 i = —4; %V, C2 voltage at start
VDW = 18.6; %V

Vir2 i = 25.8; % V, Vitr2 wvoltage at start
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ptsNum = 100; % number of time points for calculations

% time points (need for numeric calculations)
tspan = linspace (0,TON, ptsNum );

% Differential equation for C2 woltage
% (in a form of anonymus function in a form mnecessary for ode45 solver)
dvdt = @Q(t,v) (1/tau_C2B)*(—v+Vtr2 ixexp(—t/tau_Lp)-VDW);

% Solved wusing odefb solver for time period equivalent TON in lenght
[T,V] = oded45(dvdt, tspan, Vce2 i);

% Plot
plot (T,V)

% Voltage of C2 at the end of TON period

% is last element of array of wvoltages calculated for time span
% length of TON

ton f = T(ptsNum,1);

v_ton f = V(ptsNum,1);

% Display answer

S (" okttt sk sk ok sk sk sk sk ks koK kKKK SRR sk Rk R sk kkok ok ko )
disp ("C2_voltage_at_the_end_of _TON_period_is:")
disp (v_ton_f)

disp("Volts;")

disp ("After:")

disp (ton )

disp (" Seconds; ")

AISD (" stk kot ok ke sk sk sk ok sk sk kot ko KRR Rk sk ok kKRR R R Rk ok ok ok )

Calculated C2 voltage is
VCQ(ton(f)> = —1.85V

Enenergy stored in manetic field during Ton

VL, (t) = VDce_ﬁ (1)
in(t) :ILP(Maa:)(l —e_ﬁ) (2)
prp(t) =vrp(t)ic,(t) (3)

Brp = [ bt (1)



Solving integral from to,(i)to tonr) (=Ton ):

Ton Ton . t
AbLy = /ph(t)dt: / Vbce P Ipp(van)(1—e Thr)dt
0 0

Numerical solution for integral. Octave code:

clear all

cle

I Lp Max = 84.5; % A

tau Lp = 27210~ —6; % S

TON = 4.8%10" —6; % S

VDC = 310; % V

ptsNum = 100; % number of time points for calculations

% Function to integrate
p Lp = @(t) VDC.xexp(—t./tau_Lp).xI Lp Max.%(1—exp(—t./tau_Lp));

% Integration
deltaE = integral (p_Lp, 0, TON);

% Display answer
ISP (" sk sk skttt ok sk sk sk ok skt ok ok sk ok ok sk skt ok KR R ok sk sk koK KRk sk sk stk kR sk sk ok ook )

disp ("Energy stored in magnetic field during TON period")
disp (deltaE)

3 n N
disp (" Joules;")
ISP (" sk sk skt ok ot sk s sk sk skokok ok ok k ok sk ok kR ok KR R sk ok kKR KR K sk kRO Rk sk ok ok ook )

Calculated energy:

AFEL, ~ 1090uJ

Calculations of output EC capacitors voltage, energy and charge
@ton(f)

_Ton 4.85
VEC(ton(f)) = VEC(ton(i))e vD = 34.42V - e 10435 &z 34.42V

1 1
Erc(ton(s)) = §CECV§C(ton(f)) =5 194pF - (34.42V)2 = 114919

QEC(ton(f)) = CECVEC(ton(f)) = 194MF -34.42V = 6678/10



2.3 “OFF1” Phase

Duration: Topp1;
Initial time moment: tog; i) - Secondary coil just started to conduct (reflected

voltage switches OFF MOSFET)
Final moment: t,go(r)- Secondary coil just finished demagnetisation

Known/definite values

Ips(toprir)) = 0A

Vec(torr1(i)) = Ve (ton(r)) = 3442V
Egc(torri(iy) = Epc(ton(s)) = 114919
QEec(tofsii)) = Qec(ton(s)) = 6678uC

Vea(torsiy) = Voo (ton(s)) = —1.85V

Current in secondary coil @ t,g ;)

2AE; 2-1090uJ
I, (toffl(i)) = Ls £ :mﬁl.gﬁlfl

EC capacitors voltage, energy and charge @ tq,g(r)

Egc(tossip) = Enc(torpign) + AEL, = 1149194 + 1090uJ = 1160094.]

2Egc(tofsi(s)) 2 - 116009.]
Vecl(t, = = =34.58V
QEC(toffl(f)) = CECVEC(toffl(f)) = 194uF - 34.58V = 6709uC

AQEpc = Qrc(torsi(p) — QEc(toffi(s)) = 6709uC — 6678uC = 31uC

AVge = VEC(toffl(f)) — VEC(toffl(s)) = 34.58V — 34.42V = 0.16V



Secondary coil demagnetization time Topr; Using RLC series circuit
formula

di
Vec(tofri(s) = Ls%
di _ Vec(torsi(s)
dt Lg
_
V LSCEC

Rs

2L

W =

— 2
B=1/a?—w}

Formula for current:

i= AemotPt L pje(ma=Bt

boundary conditions: at t=togi(s): i= Irs(tofsi(s)), % = —%ﬁfl”) from
which:

IL‘S/(t(?Jt”fl(s))): A+ Ay
—EEPIREE = Ay (—a+ B)el ot 4 Ay (—a = el
Vec(tossi(s
0 _W (04 B) i (topies) _
26
A2 = ILS (toffl(s)) — Al

Now, demagnetisation stops when secondary coil current transfer charge AQgc
into capacitors

TorF1 Torr1
AQgc = / idt = / (Ale(7a+:3)t + A2€(*a75)t)dt
0 0

Numerical solution of integral equation. Octave code:

clear all

cle

Cec = 194%10~ —6; % F
DQ — 31%10" —6; % C
I Ls i — 4.84; % A
Ls = 93%10~ —6; % H



Rs = 0.6; % Ohm
Vec i = 34.42; %V

DIDT = —Vec i/Ls;

w0 = 1/sqrt (LsxCec);

a = Rs/(2+Ls);

b = sqrt(a~2—w0"2);

Al = (—(Vec_i/Ls)+(at+b)*I_Ls_1i)/(2%b);
A2 = 1 Ls i Al;

% Function to integrate
it =0(t) Alxexp((—atb)xt) + A2xexp((—a-Db)*t);

% Integral equation "DQ = integral of i t from 0 to T"
% in a form suitable for solver fsolve

Q =Q(T) (integral(i_t, 0, T)-DQ);

% Initial gues need for solver fsolve
initGuess = 1x10"~ —6;

% Solution
TOFF1 = fsolve (Q,initGuess);

% Display answer

disp ("skoskoskorok ok skoskskor ok ok okokkok R okok )
disp ("TOFF1 period length is")
disp (TOFF1)

disp (" Seconds;")

disp (" sokoskokoskoskoskokosroror Rk Rk Rk kR )

Calculated Topp1:
TOFFl = ].07/143

Secondary coil induced voltage @t (;)

_ pgltsltorn@) = Los(orniin) _ o3y 23AA =04 o o7y
Torri Torr1 10.7uS

Vs(tofsis)) = Ls

Auxilary coil induced voltage and voltage from transformer’s pin2
@ty (i)

N, 6
VAux(toffl(i)) = ]3;” Vg(toffl(i)) = b5 -42.07V = 1147V

Vrra(togris) = —Vauwe(topsiy) = —11.47V
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Voltage on MOSFET’s gate @tqg(;y (transformer’s pin2 coupled via C2)
VGS(toff1(i)) = VTRQ(toffl(i)) — 1147V

Voltage across C2 @t,g(rjcalculations: From. t.gi3)to tomi(r)voltage
from transformer’s pin2 decreaces to zero, because Q@t,g(ryof Ls demagnitized
amd there is no reflected voltage in auxilary coil. Assume linear decreasing for
simplicity

t
Torr

vrr2(t) = Vrra(togricy) - (1 —

Set up differential equation:
vrR2(t) = VR, (t) — vy (1) — VR, (1) — VR, () = VDo =0

vrre(t) —i(R1 4+ Re + R7) — v, (t) — Vpe =0

Vo, (T
vrpa(t) — (R1 + R2 + 37)02027;) — v, (t) = Vpo =0
t Ve, (1)
Vrra(tosicy) - (1 — TOFFl) —To2,— g —ve(t) = Vpe =0
To vos(t) +ve,(t) = Vrra(top 1)) - (1 — ! ) —Vbe
Aodt ? Torr1
Ve, (1) 1 t
= — t ¢ V(1= _
7 TC2A[ 0o, (t) + Vrra (togp1()) - ( TOFFl) Vbcl]
Numerical solution of differential equation. Octave code:
clear all
clc
tau C2A = 44022%10"~ —6; % S
TOFF1 = 10.7%10" —6; % S
Ve2 i = —1.85; %V, C2 voltage at start
VDC = 310; %V
Vir2 i = —11.47; %V, Vir2 wvoltage at start
ptsNum = 100; % number of time points for calculations

% time points (need for numeric calculations)
tspan = linspace (0,TOFF1, ptsNum );

% Differential equation for C2 woltage

% (in a form of anonymus function in a form mnecessary for ode45 solver)
dvdt = @Q(t,v) (1/tau_C2A)x(—v+Vtr2 ix(1—t/TOFF1)—VDC);
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% Solved wusing ode4d solver for time period equivalent TOFFI in lenght
[T,V] = oded45(dvdt, tspan, Vc2 i);

% Plot plot(T,V)

% Voltage of C2 at the end of TON period

% is last element of array of wvoltages calculated for time span
% length of TOFFI1

toffl f = T(ptsNum,1);

v_toffl f = V(ptsNum,1);

% Display answer

AES (" okt ortskoskoskosk sk ok sk ok sk sk sk sk kK kK kKK KSRk sk sk sk sk sk skskk sk ko )
disp ("C2_voltage_at_the_end_of _TOFFl_period_is:")
disp(v_toffl f)

disp ("Volts;")

disp (" After:")

disp (toffl f)

disp (" Seconds; ")

IS (" stk kot ok ks sk sk ok sk skttt Kk KRRk sk ok sk ok sk ok KRR Rk skok ok )

Calculated C2 voltage is
Voa(topsi(s)) = —1.93V
Voltage on MOSFET’s gate @Qtqg(ry (controlled by C2)
Vas(torsicry) = —Voa(tosri(s)) = 1.93V

2.4 “FEEDBACK” Phase

Duration: Tgg;

Initial time moment: tg,) - EC capacitors voltage just begin to discharge
(C2 just pulled of to ground via R5 and R6)

Final moment: tg,r)- EC capacitors voltage just decreased to threshold value

Known/definite values

VEC(tfb(i)) = VEC(toffl(i)) = 34.58V

VC2(tfb(i)) = VC2<toff1(f)) =—-1.93V
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Output capacitors discharge currents Qtg, ;)

VEC(tfb(i)) 34.58V
I Forn) = - = 0.64mA
VD( fb(z)) Ris + Ryq 3.9kQ + 49.9kQ mn

Vec(tsw) — Veep) — Vo 34.58V — 1.3V — 2V
ILED(tfb(i)) = o0 Ris ) (7o) _ ) = 10.43mA

Output capacitors discharge to threshol time Tgg Assume ECs be dis-
charged to threshold level after lost of charge accumulated above threshold level

ivp(t) = Ivp(tse)e Vo

irep(t) = ILEp(tsys))e TLED

TrB
AQgc = / (ivp(t) +irLep(t))dt
0
TrB
AQpe = / (v bt ooy 5 + Iopp(t o )e 7257 )dt
0

Numerical solution of integral equation. Octave code:

clear all
cle

DQ = 31%10~ —6;

I Led i = 10.43%10" —3;
I_ VD i = 0.64%10" —3;
tau_Led = 582x10" —3;
tau_ VD = 10.43;

N XXX
e Q

% Function to integrate
i t =@Q(t) I VD ixexp(—t/tau VD) + I Led ixexp(—t/tau Led);

% Integral equation "DQ = integral of i_t from 0 to T"
% in a form suitable for solver fsolve

Q = @Q(T) (integral(i_t, 0, T)-DQ);

% Initial gues meed for solver fsolve
initGuess = 1x10~ —6;

% Solution
TFB = fsolve (Q,initGuess);
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% Display answer

AIsSP (" skoskoskok kot skokor ok ok skokok ok ok sk kR koo )
disp ("Feedback period length is")
disp (TFB)

disp (" Seconds;")

AISP (" skoskostok ks sk skok ok sk oskook ok ok ok sk skok sk okokokox )

Calculated Tyg is
Trp = 2807uS

Voltage across C2 @tg,rycalculations:

TrB

VCQ(tFB(f)) = VC2(tFB(i))e_ C2¢ = —1.93V -e” 22209755 ~ 0V

2.5 “OFF2” Phase

Duration: Topps;
Initial time moment: togo(;) - C2 just started to recharge.
Final moment: tygor)- MOSFET’s gate just reached threshold level

Known/definite values

Vea(tosraey) = Voo (tspp)) = 0V
Vas(tofra)) = —Vea(toppaw)) = 0V
Vas(tosracr)) = Vasrn =4V

Vooltorsas) = —Vas(togracp)) = —4V
Time capacitor C2 recharge to MOSFET’s gate threshold Torr2

(Vea(togpay) — (—=Vbe))
(Vea(topra(ry) — (=Vbe))

(OV + 310V)
(—4V + 310V)

Torr2 = Tc2,ln = 4402215 In = 57218
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