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ABSTRACT

A floating load buck DC-DC switching converter was analyzed, simulated,
designed and prototyped. The floating load buck converter is first compared to the
conventional buck converter. It was found that both the floating load buck converter and
conventional buck converter exhibit similar conversion characteristics eltispit
differences in the placement of their output inductors. A floating load buck convesger w
designed to be used as a high-voltage off-line light-emitting diodd3g)L&river using a
Texas Instruments’ TPS92001 controller. Finally, the characterddtitss floating load

buck converter LED driver were experimentally examined.
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CHAPTER 1

Introduction

1.1 Background

Switching converters are widely employed in the power electronics industry
They have been commonly used for DC-DC power conversion as shown in Figurel.l.
High switching frequencies result in high switching losses for thesetsiag converters.
As such, much research is needed to improve efficiency, decrease systennodinaers
lower system costs.

The conventional buck converter is one of the basic topologies in DC-DC
switching converters. It involves the basic electronic components, such asBMIOSF
resistors, inductors, capacitors and several diodes, and it does not requiroareans
so it is relatively simple to design. Normally, a large output RC filtdro@nnects to the
output load to achieve small ripple output current.

The floating load buck converter is called floating load due to the fact that it ha
both terminals of the output load floating. These terminals are not refereneder the
power or ground. It should be noted that the conventional buck converter drives a
grounded load. The inductor in the floating load buck converter is in different position,
and the output load is floating.

The reason that we would like to study the floating load buck converter is because
it has some significant advantages. First of all, considering theccdbefLED drivers,
this is one of the cheapest choices. Second, it is ideal for high voltage applicet#on s

the drive voltage does not depend on the supply voltage. Third, the load from the input



requires no isolation; as such the design does not need a transformer. Fourth, the output
capacitance is small, enabling the use of compact, high temperature comploamsnts

can be used as an ideal high brightness LED driver when a DC supply voltage greater
than the maximum voltage of the HB LED string is available [1].

1.2 Organization of thisthesis

This thesis is organized into four chapters. Chapter 2 provides the background for
this work. It discusses the basic theory of the floating load buck converter topology
Chapter 3 discusses the two different simulation tools used in this thesis, &8pice
Simulink. Chapter 3 presents and discusses the simulation results betweeatihg fl
load buck converter and the conventional buck converter. Chapter 4 provides the analysis
of the TPS92001, bench testing of a floating load buck converter, using the TPS92001
controller, and compares the captured waveform results to the simulatios.r€balpter

5 concludes the thesis.

Input : Main 3 Output
P Switching - P
Circuit

Control signal

feedforward feedback
signal ﬁ Controller F signal

Reference
Signal

Figure 1.1. DC-DC switching power supply system [12].



CHAPTER 2

Floating L oad Buck Converter

2.1 Floating load buck converter

The floating load buck converter using a power MOSFET is shown in Figure 2.1.
In a floating load buck converter, the average output voltade 16 lower than its input
voltage \L. Similar to the conventional buck converter, the operation of the floating load
buck converter can be divided into two modes, depending on the switching actions.
According to the continuity of the current flowing through the output inductor, the
floating load buck converter can be operating either in the continuous mode or the

discontinuous mode similar to the conventional buck converter [2].

Continuous Mode;

Model (0< t <ty,), Qs Switcheson

Dfw R
Vs K Va

Figure 2.1. Circuit schematic of a floating load buck converter.



Vs

L Ru
- m B
Qs

Figure 2.2. Mode 1 equivalent circuit for the floating load buck converter (0<t <tqp).
During mode 1, at the beginning of the switching cycle (at t=0), the switching
transistor Qis switched on and the free -wheeling diodg iB switched off. The
equivalent circuit during mode 1 is shown in Figure 2.2. Since the input voltage V
greater than the average output voltagethe inductor current increases due to the
applied input voltage. As such the inductor is being charged and the voltagetlaeross

inductor L is:
di
V() = Ld—+ (2-1)

For a typical large inductance value, the inductor curr€itincreases linearly

because of the inductance value. The increase in inductor current is given by

Al =Lxt, (2-2)

Al, =", (2-3)



Dfw .

Figure 2.3. Mode 2 equivalent circuit for the floating load buck converter (ton<t <T).

or Voo V= 270 | 2lon (2-4)

t F
fon son

The duration for mode 1 is onE———— (2-5)

Mode 2(ton< t <T), Qs switches off

At t = t,, the transistor Qswitches off, the free-wheeling diode,s switched

on, and Mode 2 begins. The equivalent circuit for mode 2 is shown in Figure 2.3.

As the current flowing through the inductor cannot be interrupted, its voltage
polarity across the inductor immediately reverses to maintain the saraetauhich had
been flowing through just prior to switching off of the switching transistoOQce the
inductor voltage changes its polarity, the freewheeling digged@hducts. The inductor
is discharging, and the inductor current falls. The energy stored in the inductor is

transferred to the capacitor and consumed by the load. For a large inductance value,



typically found in switching converters, the inductor currefty will also falls linearly.

The decrease in inductor current during Mode 2 for the duragiois, given by

'L.l'
"ﬁfl:'ff = ?ﬂ * tOff (2-6)
or \= L e (2-7)
. . L=Alqfr
The duration for mode 1 is offtE ———— (2-8)

For steady-state operation, the peak to peak current ripple in the inductor during the

Mode 1 (0< & ton) and during the Mode 2.k t<T) are the same, whichds,, = a1_...

eyl
From equations (2-3) and (2-6), we obtain

Ve-V WV
: : * ron = Eﬂ * tOff (2'9)

Define D as the duty cycle. Substituting = DT and ¢, ;. = (L — D)T into

eguation (2-9) gives

2D ="t (1-D) (2-10)

Or V, = VD (21)

From equation (2-11), the average output voltagef\the floating load buck

converter is the product of the duty cycle D and the input voltggeince

(2-12)

= m 1 tafFF
f_ﬁ' = I



1 LeAlgn +L£ﬂfﬂff

— = : (2-13)
5 Ws=Vgq) Va
Therefore, the current ripple in the inductor can be expressed as
DxVs(1-D)
Al ———2 (2-14)
fsrL

Discontinuous M ode;

In certain cases, the energy stored in the inductor is completely expended just
prior to the beginning of the next switching cycle as shown in Figure 2.4. At the point
when | = 0, the value of L is defined as the critical inductdonceThe peak inductor

current increasing about twice this value compared to continuous mode operation. Thus

[1],

(V.—V,)D
Ip=2I = s Valr (2-15)
fsle

iL(t)

Iir S

Ton L2 T t

Figure 2.4. Discontinuous mode inductor current waveform [1].
7



Dfw +

Figure 2.5. Discontinuous mode 2 equivalent circuit for the floating load buck
converter (ton<t <ty).

waz:
- R

L

Qs L

Figure 2.6. Discontinuous mode 2 equivalent circuit for the floating load buck
converter (t.<t<T).

The equivalent circuits for the floating load buck converter operating under

discontinuous mode are shown in Figures 2.5 and 2.6.

2.2 State-Space Averaged Model for an Ideal Floating L oad Buck Converter

In a control system, the state space model can be used to represents & physica
system by a set of first-order differential or difference equatiossnkist all the

possible internal states of the dynamic linear system [3]. In our worg;sgiate



averaging approximation technique is chosen to approximate the floating load buck

switching converter as a continuous linear system.

State variables for this floating load buck converter are chosen as the inductor
current, %, and the capacitor voltage,as shown in Figure 2.7. With the assumption of

ideal switching devices, two switched models are shown in Figures 2.8 and 2.9.

X1

>

Dfw

Ui L
—A00/ |-

Figure 2.7. State-space aver age model circuit schematic of an ideal floating load
buck converter.

Y
+
+ X
2
u1 L ¢ R
Sty T

Figure 2.8. Floating load buck converter switched model for dT interval.
9



Figure 2.9. Floating load buck converter switched model for (1-d)T interval.
During the interval when the switching transistor is on, using Kirchoff'‘tagel

law in Figure 2.8, the state equation can be defined as
uy =L*=x; +x, (2-16)

Applying Kirchoff's current law shown in Figure 2.8, the state equation is

= Criy+ 2 (2-17)

Similarly, apply Kirchoff's voltage law in Figure 2.9 for the interval whiea t

switch is off, the state equation is
0=L=i +x, (2-18)

Then, using Kirchoff’s current law in Figure 2.9, the state equation is

R

State equations for intervdl written in matrix form is,

[;1]:[194: —_[E_:LRLE?)] [H’L [l;;L] [4] (2-20)

10



State equations for interval ()T written in matrix form is,

[ii]:[lﬂc —_[E.lRLC?j] [i1]+[§] 1] (2-21)

The state-space averaged state coefficient matrix is

[0 (/L] 70 (/L7
A_[lr’f —El:’EC)]d [l;,: —(1;’&5)][1 d) (2-22)
With the state-space averaged source coefficient matrix is
= ll.,."L N G _ _ dl.".l.lll.
B=['g]a+[Ja-a=[%] (2-23)

The state-space averaged equations for the floating load buck convertetixn mat

form are

[H - [1?5 —_[E_lRL;j] e (2-24)

These state-space average equations are identical to those for the conventional

buck converters [2].

2.3 Control Schemes

There are several control schemes that has been used for controlling switching
mode converters. Current mode Pulse Width Modulation (PWM) control will be used in
this thesis project as shown in Figure 2.10. The PWM signal modulates the switch on and
off durations, so it controls the inductor energized time period within each switching

cycle to maintain the desired voltage or current level at the output. Fixpdefrey

11



PWM control will be chosen instead of the variable frequency to avoid the unwanted
electromagnetic interferences. In order to compare the output voltageigrairto the
inductor current sensing signal, the inductor current sensing signal should be cbtoverte
a sense voltage signal based on the current mode control design [4]. In a current mode
PWM controller, if the duty cycle exceeds 50%, slope compensation is usuallydequir

to avoid sub-harmonic oscillation.

Reference
Voltage

PWM

Sawtooth A
Waveform -

ton toff

Figure 2.10. Fixed frequency PWM controller.

2.4 Theoretical Calculation

The objective of this section is to obtain component values for the simulation of

the floating load buck converter.
For an average output current,

. ZOOmAZ 400MA _ 00 o (2.25)

12



The average load resistance is,
(2-26)

1.5V
= = N
RL;-.'g 300mA =0
And the minimum load resistance is:
=Y LWV _ 5440 (2-27)
Limin ]C 400mA ' o

A load resistance value 2iBwill be chosen for simulation.

The duty cycle of the floating load buck converter can be determined as:
(2-28)

If the output inductor is chosen to be smaller than the critical inductartoe at t

highest load current, the converter would operate in the discontinuous mode:
(2-29)

Ry . (1-I0 21400
- _—min —_ = [
L=—"%1 ax10000  Oo-3HH

An smaller inductance value of 87uH is chosen. With this inductor values, the

ideal peak-to-peak ideal inductor ripple current is:
_ V.D(1-D) _ 15x0.1x00 _ _ i
o = Too00xeTa 12024 (2-30)

Al £L

The output capacitance should be calculated to satisfy the output voltage ripple

requirement at full load:
(2-31)

A
Va <504

13



- = 509 (2-32)

Then,

Vo*D*(1-D) 15* 0.1* (1- 0.1)
T8* f2*L*V,* 005 8*1000(**87*10°*1.5*0.05

=258.62UF (2-33)

In practice, a value of 470uF is chosen. The chosgput capacitance is usually
much larger than the calculated value in ordeetiuce the equivalent series resistance
(ESR) on the capacitors. It is a normal practickitther reduce the ripple voltage by

paralleling several capacitors to reduce their ESRs

14



CHAPTER 3

Simulation of the Float L oad Buck Converter

3.1 Introduction to PSpice

PSpice is a version of the standard circuit sinoul8pice. It is widely used as a
simulation tool to analyze analog circuit perforroam both steady-state and transient
operations. PSpice is licensed from the MicroSimp@mation, which is one of the many
commercial derivatives of the University of Califita at Berkeley’'s SPICE (Simulation

Program with Integrated Circuit Emphasis) simulatiool[5].

To obtain a circuit file for a PSpice simulationeffirst step is to draw the circuit
diagram and then number all the nodes using thensatic capture feature in PSpice. An
electrical circuit node consists of at least twargections. Components models can be
found in the PSpice libraries. Basically, the siatigin can be performed using various
levels of device and component modeling. Once itlcetitis drawn, and checked for
connections, user can create a simulation prafiiéhfe simulation. The user can place

the probes to a specific point in the circuit teudlize the current and voltage waveforms.

15



3.2 Open-loop Simulation

3.2.1 Floating L oad Buck Converter

ca
470u § n3

. Vs N D1 2.8

15 — D1N5401

Rc
0.001

|
o
®
N
=4

Vvi=0 Vi
V2 =10

D =0

TR =1n

TF =1n

PW = 0.01m

PER =0.1m

?0 I

Figure 3.1. Open-loop simulation circuit for a floating load buck converter.

The open-loop floating load buck converter wasglesil using PSpice with the
values calculated from Chapter 2. Figure 3.1 shitv$>Spice circuit schematic for the
simulation of the open-loop floating load buck certer. Ideal switch Ss used to
represent the switching element. The voltage pygserator Y functions as a PWM

signal generator, it generates the duty cycleritee and fall time of the pulse for the

converter. As shown, the switching frequency ikH@.

Figure 3.2 shows that the output voltage of thendpep floating load buck

converter to be at 1.5V. This is as predicted ftbenduty cycle.

Figure 3.3 shows the current across the inductdrcapacitor of simulated

floating load buck converter. The discontinuitytie inductor current waveform

16



indicates that the open-loop floating load buckvaster is operating in discontinuous

mode.

8.5ms 1.0ms 2.0ns 2.5ms 3.0ms 3.5ms 4.0ms 4.5ms 5.0ns
o U{R3:2,RL:2)

1.08
1.500ms 1. 550ns 1. 600ns 1. 65 0ns 1.750ms 1.800ns 1.850bns 1.908ns 1.95Bns
I{L) (k)

Figure 3.3. Inductor current and capacitor current wavefor ms.

3.2.2 Comparison with Conventional Buck Converter

17



For comparison purpose, the same ideal switchededj inductors, and

capacitors for both floating load buck converted &nck converter were used for the

simulation.

J— ca R4

4.4u 10

| Vs ZN D1
15— D1N5401 ~ § ,

) Rc U1

0.01 TCLOSE = 20m

L RL o

L L TV VY ,VV\I
=0 1500u A

Vi=0 Vi
V2 =10 S

TD =0 VOFF = 0.0V
TR =1n VON = 1.0V
TF =1n

PW =0.01m
PER =0.1m

o) J

o

Figure 3.4. Open-loop simulation circuit schematic for floating load buck converter.
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PW =0.01m
PER =0.1m =

Figure 3.5. Open-loop simulation circuit schematic for conventional buck converter.
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Figures 3.4 and 3.5 show the circuit schemati¢Herfloating load buck

converter and the conventional buck converter,aetsgely.

Figure 3.6 (a) shows the current transient respaiide Figure 3.6 (b) shows the

voltage transient response from the floating loackiconverter.

4

[ S S IS S S SN SN SN S IS S S S S S —
19.50s 19,005 19.8n5 20. bns 20.4n5 20.8ns

s Uil1:2 ,F:Z]-: 1)+ =[{R3)

Figure 3.6. Transient response dueto aload change at time=20msec for floating load
buck.
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(b) voltage transient response

i
19,50 19,605 19,808 20, s
o D(R3:2) + -1(R3)

Figure 3.7. Transient response dueto aload change at time=20msec for
conventional buck.

Figure 3.7 (a) shows the current transient respahle Figure 3.7 (b) shows the
voltage transient response for the conventionak looaverter. Comparing the transient
response from Figures 3.6 (a) and 3.6 (b) and Egy8r7 (a) and 3.7 (b), we can see that

they exhibit similar behaviors.
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20.86ns 20.085ms 20.16ms 20.15ms 20.268ms
x U{L1:1) + BU

Figure 3.9. (a) Thevoltage acrosstheideal switch (b) The voltage across diode.
Figure 3.8 (a) shows the voltage across the ideédts while Figure 3.8 (b)
shows the voltage across the diodes from the figdtiad buck converter. Figure 3.9 (a)
shows the voltage across the ideal switch whileiféi.9 (b) shows the voltage across

the diodes from the conventional buck converter.
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Comparing the voltage across the ideal switch anded from Figures 3.8 (a) and
3.8 (b) and Figures 3.9 (a) and 3.9 (b), we caemesthat they have exactly the same

amount of voltage drop on the ideal switches a$ agebn the diodes.

3.3 Closed loop Simulation

3.3.1 Floating L oad Buck Converter

L
L X D3 = c4 vl
=0

MUR120 4.4u LED
D2
L LED
AN
1500u D8
" LED
: D4
LED
IR¥540™ ]
c7 R7 D5
Il AN LED
2709 4.12k . D6
= RS LED
0 1.6
D7
C8 LED
0.01u U1

NN e

|1
R11 [ Ri3 !l FB EF R10
0k ss DD |5 T8
RT UT |5 :
RT ND L
L 0

L
UCCx809_1 =

L

Cc12 - C13
- 0.01u
1000p

Figure 3.10. Closed loop simulation circuit for a floating load buck converter.
Figure 3.10 shows the circuit schematic of theezdldsop simulation of the floating
load buck converter operating as a LED driver &res white LEDs using a Texas
Instrument’s TPS92001 controller. The TPS92001adeed as a UCCX809 1
controller as shown in Appendix A. The detailsta§tclosed loop floating load buck

converter are discussed in Chapter 4.
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Equations (3-1), (3-2) and (3-3) were used to datex the PSpice diode model
parameters values [6]. As shown in Fig 3.11, th®Idibde model was built by changing

an existing diode model. Table 3.1 describes alRBpice parameters individually.

.model LED D *
I==0.72e-23 § R
M=0.3333

VI=0.75

N=2.1 Tiwd
BV=4

IEV=10.000E-6 i
Cio=1.07E-12 P
R3=5.28947

TT=4.3200E-6

Figure 3.11. The PSpice diode mode [6].

Pspice Parameter Description Units
Is Saturation current A

N Emission coefficient

RS Ohmic resistance

\| Built-in potential \
clo Zero-bias depletion (junction) capacitance  F

M Grading coefficient

T Transit time s

BV Breakdown voltage Vv

IBV Reverse current at Breakdown voltage A

Table 3.1. Parameter s of the PSpcie Diode Mode [7].

lwa = Is (""" = 1) (3-1)
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(3-2)

1)

Sfwd
T

Va=N*V*In (

(3-3)

1)

Iew d
——
T

Vind = lwd * Rs+ N * V¢ * In (-

Figure 3.12 shows the output voltage of the sineglalosed loop LED driver. For

seven LED diodes, the output voltage is expectdntth9.8V.

The current across the inductor is shown in Figui&. As can be seen, the

continuity of the current waveform indicates thag floating load buck converter is

operating in its continuous mode.

Figure 3.12. Output voltage of the ssmulated closed loop floating load buck

converter.
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430, 8us 4hi. Bus 454, Bus 44 A, Bus 478, Bus 484, Bus 494, Bus

Figure 3.13. Inductor current from the smulated closed loop floating load buck
converter.
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MUR120 4.4u LED

.||
o

D2

NN
1500u D8
LED
'_

< D4
LED
c7 R7 D5
I MWV LED
270 v R6 D6
10§ § R8 LED

1.6

D7
LED

.|||_
o
N
=
N
=~

C8
0.01u Ul

R11 [ Ri3 FB EF R10
S0k ss DD |5 s
RT UT |5 :
RT. ND [ =

10k
UCCx809_1

NN

C13
0.01u

C12 e

1000p

o

Figure 3.14. Simulation testing points shows on the floating load buck converter.
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Figure 3.14 shows the circuit nodes for the captwaveforms shown in Figure
3.15.

As shown in Fig 3.14, seven diode models are usetbdify LED load. A DC
voltage of 85V was used as the input power sugpie. Texas Instruments’ UCCX809_1
PSpice model was chosen as the controller andrdowéhe isolated DC-to-DC fixed
frequency floating load buck converter. A 12V DGyeo supply connected to pin6 of the
controller is to provide the power to the chip. fihis an internal oscillator inside the
chip, which creates a sawtooth waveform for the P@dvhparator by charging and
discharging a timing capacitor. ThesRR;5 and G» set the switching frequency of the
converter according to the equations (3-4) and) (85

foso = (0.74*(Giz+27pF)*(Ris+Rug) (3-4)
Pmax=0.74*Rig*(C12+27pF)* fosc (3-5)
In this simulated closed loop floating load buckweerter, the switching
frequency is set to be about 92.53 kHz. As sua@hsttitching time period will be around
10.8us. As shown in Figure 3.15, the switching tpegod is shown to be about 10.5us,
which is closed to the design value. The duty ciglbout 23.81%, which satisfies the

converting ratio between the input and output & which i 'r"_'f_'-“ = 1;_3 = 23.29%

=y 7

for the converter.

Figure 3.15(a) shows the gate drive signal outfmmfthe PWM controller. This
signal is used to drive the MOSFET switch, turniingn and off. Figure 3.15(b) indicates
the sensing signal across the current sensingaesisthe source circuitry of the power

MOSFET using a resistor sensing technique. Figurg(8) shows the sensing feedback
26



signal at the FB or CS pin of the TPS92001 cordrollhe signal is input to the
controller through the FB or CS pin. Figure 3.1ddws the sawtooth signal of the
TPS92001 PWM controller, which indicates the switghfrequency for the switching
converter. Figure 3.15(e) shows the voltage wawefioom the free-wheeling diode. As
can be seen, diode conducts when the switch tdtng bese waveforms will be

compared to experimentally obtained waveforms iapér4.
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Figure 3.15. Wavefor ms under the testing circuit for a floating load buck converter.
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3.4 Introduction to MATLAB/SIMUL INK

Simulink, developed by the MathWorks, Inc., is agram that runs as a
companion to MATLAB. It is a software package fooaeling, simulating, and
analyzing dynamical systems [9]. For modeling, Sinkuprovides a graphical user
interface for building models as block diagramgseAtiefining a model, the simulation
can be performed using a choice of many integratiethods, either from the Simulink
menus or by running commands in the MATLAB's comchasmdow. Using scope and
other display blocks, Simulink shows the simulatiesults while the simulation is

running [10].
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3.5 Open loop Simulation

3.5.1 Floating L oad Buck Converter

rd ™
=
Dfw
. Vs =R
8 i L R 2R |Z
AAA
— LA
o Input Voliage "
Pulse-width
modulator U5 | Subsystem for floating load buck
subsystem =
N\ s N\
r ) Lkl o
-
& | . Y r~ | .
i) [ L -
Cuty cycle D L = J > T L
. y, Scope
'-'n
28 l >
. x =
Load resistor s —
7 \ Load modeled as a resistor R,
iout = Fo/R

Figure 3.16. Open loop simulation circuit for a floating load buck converter.

Figure 3.16 shows the SIMULINK simulation circugh&matic for an open loop

floating load buck converter.

The sawtooth waveform block time value is set t¢Cb@.001e-4 1le-4] as shown
in Figure 3.17, which indicates that the switchiregjuency is 10 kHz. Figure 3.18 shows

the Pulse-width modulator (PWM) signal model fag floating load buck converter.
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i B
E Source Block Parameters: Saw-tooth waveform ﬁ

Repeating table (mask) (link)

Output @ repeating sequence of numbers specified in a
table of time-value pairs. Values of time should be
monaotonically increasing.

Parameters

Time values:

[0 0.001e-4 1e-4]

Output values:

[101]

[ OK H Cancel H Help

Figure 3.17. Sawtooth waveform block settings.

| Duty cycle command |

o

Saw-tooth
waveform

Figure 3.18. Insidethe PWM signal model for the floating load buck converter.
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Figure 3.19. Subsystem model for open loop floating load buck converter.
Figure 3.19 shows the subsystem model for the sit@dilopen loop floating load

buck converter.

Figure 3.19 shows the output voltage waveform aedniductor current
waveform. The average output voltage is around Jv#ich is correct according to the
10% duty cycle. The current flowing through theuotbr shows the continuity of its
waveform, which indicates that the floating loaalbaonverter is operating in

continuous mode.

The waveforms captured in Figure 3.20 shows the P3igdals and the reference
voltage signal compared with sawtooth signal wawefo As can be seen, the 10% duty

cycle can be clearly observed.
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Figure 3.21. PWM signal and sawtooth waveforms.
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3.5.2 Comparison with Conventional Buck Converter

subsystem for buck

s L
LT i
15 ‘= = ]
; = =n
. Input Valtage Vi (_} Z% Db c =
Pulse-width
modulator
subsvstem I
\ 4 ‘\,
r‘ \ ol vol v .
0.1 - oL >
Pty eEes L PWII J — ot Tt -
N oum J Scope

Yy
A

Load resistor

N
J \

Load modeled as a resistor K.
tout = Fa/R

Figure 3.22 Open loop simulation circuit for a conventional buck converter.
Figure 3.22 shows the SIMULINK simulation circuth&matic for an open-loop

conventional buck converterhe simulation blocks are indicated in &g 3.22.

Figure 3.23 shows the Pulse-width modulator (PWigha model, which is

exactly same as the floating load buck converteshasvn in Figure 3.18.

Figure 3.24 indicates what is inside the Subsysterdel for the conventional
buck converter. Although the conventional buck @ter and floating load buck
converter have the inductor placed in differentifoms, their subsystem models are

exactly the same
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Figure 3.24. Subsystem model for the conventional buck converter.
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Figure 3.25. Output voltage waveform and inductor current waveform.
Figure 3.25 shows the captured waveforms which shbe average output
voltage to be about 1.5V. The inductor current shivat the conventional buck

converter is operating under continuous mode.

By using SIMULINK, the function blocks for both tfileating load buck

converter and the conventional buck converter sscAWM signal model and the

subsystem model are exactly the same; as suchsthritation results are identical.
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3.6 Closed loop Simulation

3.6.1 Floating L oad Buck Converter

£ L ]
I clizge
Ve
7 Y
Ll
.
L
b b > ¢ >
~ AR T ERAR -
oo P J i i
W\ Susnlizer limits
Digital PWM . Scope
T X '
-
28 =
Load resisior

AL AT Zero-Order Transport

Quantizer Held Zelzy

Disorete-time

E
|/
T

5 5[5

=

B

Integrel Compensator

Discrete-time AJD Converfer

integral compensator

Socopetl

Figure 3.26. Top level system model for digital controlled floating load buck
converter.

Figure 3.26 shows the system model for the digvakrolled buck converter. The
digital controller includes the A/D converter, thescrete-time integral compensator, and

the Digital PWM.
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Figure 3.27 shows the output voltage and the irfwetrrent waveforms for the

closed-loop floating load buck converter.

Figure 3.28 shows more details on the error signdtserror delays, and the duty

cycle command DC.

Figure 3.27. Output voltage waveform and inductor current waveform.
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Figure 3.28. Waveform detailsin the digital controller.

39



CHAPTER 4

Experimental Results

4.1 Circuit Block Analysis of the TPS92001 Controller

F1
1A FUSE R1 33
S AAN

i

120VAC

TP4 249 | @
T
II" FOT4NZS
[
16
R10
0.01u VDD 18
U1
2114 TP592001DGK
20k E=
FE REF
N 55 VoD €10
13 10k
0.47u
vV RT1 out :[
15
W RTZ  GND
422k |

ci12 €13 ’
1000p IDDZU o7 1 cie
W 15y 10u

Figure4.1. Circuit schematic for TPS92001.

Figure 4.1 shows the circuit schematic for the LdtDer using a floating load
buck converter with a Texas Instruments TPS9200@tralter. The input is a 120VAC
directly from the AC mains. The inductoy &nd capacitor £form a filter network with
a RC time constant. To control the current flowilhigpugh the LEDs, a current sensing

resistor is placed in the source circuitry of Q

A bridge circuit consisting of four INHDO4 diodesctifies the Alternating
Current (AC) voltage to Direct Current (DC) volta@y using four diodes, the bridge
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rectifier achieves a full-wave rectification. Thetifier circuit converts the 120VAC
power source to a DC voltage for the operatiorhefdevice. The TPS92001 controller
derives its DC power supply from the circuit corieedo . Cs is the decoupling
capacitor. In case there will be AC signal supedsgal on the DC power lineg €an
remove these unwanted signals, Bsand Q formed a voltage regulator sub-circuit. The
Rs in series with [9 helps to limit the current, and also improve tbéage regulation.
Also, the B 12V zener diode connected to the collector cirgwif Q regulates the

voltage to maintain a regulated 12V for the TPS3200

Rs, Ds, Ry and Q form a voltage regulator for the TPS9200f ak shown in
Figure 4.2. The reason for using a voltage reguiagiead of a simple resistor to supply
the chip is to maintain a constant supply voltagepites a large change in the AC main

voltage.

VvDC
R3 1k

M
l Cc6
D5 R4 1.0u
,x, 12V § 5.11K 1;
I|

Ve 44_[: %ZT?S?TA
i W

Ul

Figure 4.2. Voltageregulator formed by Rs, Ds R4 and Q.
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For an input AC of 63V, the rectified DC supply6i3Vx+ 2=89.10V, so the input

DC is about 89V. The FZT757TA PNP transistor hfila) value about 50 [11]. The

voltage dropped at the zener diode is around 18VttHe voltage dropped on R3 is
VR3 = 89V-12V-bQR5 (4-1)

The base-emitter loop yields,

12V = legRa + 0.7V (4-2)

leo = —27 =2 2114mA 4-3

=T ¢ m (4-3)

So, bo = %1 = 0.0442mA (4-4)
Vis = 89V-12V- 0.0442mA* R= 63.70\ 64V (4-5)

V¢ = 89V-64V- Eg*R4-0.7V= 12.99V~ 13V (4-6)

As the calculations shown above, the voltage reigmaupply a voltage about 13V for

the TPS92001 chip without consideration of any pdasses.
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4.2 Functional Blocks of TPS92001 Controller [8]

For a switching mode power converter, the PWM ailar contains control and
drive circuitries. The PWM controller TPS92001 desihe circuit shown in Figure 4.1
not only generates the PWM signals on the gatebpihalso performs current regulation
through the current sensing. This general purp&de lighting PWM controller supports
both isolated and non-isolated topologies. Thetfanal block diagram for the

TPS92001 controller is shown in Figure 4.3.

v [5] rer
REF

.
A
Y

~ ' VDD
"Il | /ﬂ,l 7
o L5/8v 175V
10/8V
N 6 |GD
— R
rTc| 3 L a |V
0SC 3
RT
GND
PWM Latch

Figure 4.3. Function blocksinside the TPS92001.
Pin“CS” also called pin “FB” is the summing node foe sensing feedback

signals and slope compensation. As shown in Figurethe voltage at the capacitori€
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discharged by the internal NMOS transistor durlmgRPWM off time. Pin“SS” is pin for
the soft start. A capacitor;&is connected to this node. This capacitor is belagged

by the internal 6LA current source as shown ind=8y Pin “VDD” and pin “GND” are

the supply input voltage and ground, respectiveftie chip. Pin “GD” is the high
current driver output. Pin “RTC” and pin “RTD” gaia¢e a sawtooth waveform through
an oscillator network. By changing several resiatoit capacitor components values, the
duty cycle for the output driver pin GD can be djeoh As shown in Figure 4.1;RRys,
and G, connected to these pins determine the switchemuincy and the duty cycle for

the floating load buck converter. Depending onitipeit voltage \s there are three cases

[8]:

Casel. When V< 0.5V,

As shown in Figure 4.4, for the initial start poitite \isat pin “SS” is less than
0.5V. This voltage is compared with a 0.5V in Rgrand the output of the comparator
yields a logic “High” to the input of the NAND gat€onsequently, the output for the
NAND gate gives a logic “Low” as an input signalthe 5V reference voltage source, so
the pin "REF” has an output signal “Low”. As shownPart B, the \is also compared
with a 1V voltage, so it gives a logic “High” toefOR gate, which yields a logic “High”

to reset input of the PWM Latch.

“VDD” pin provide an under voltage lockout functiéor this chip. If the supply
voltage VDD is less than 15/8V or 10/8V, the Schimgger will output logic “High”.

This goes to Part C, through the NAND gate, the'@D” will stay low, so the chip will
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not function. Also, the output signal “Low” frometSchmit trigger will disable the

NMOS in PartD.

However, if the “VDD” pin receives the correct paveeipply voltage, it will trigger the
Schmit trigger to output a logic “Low”. When thigjsal goes to Part C, as mentioned
before, the reset pin has a logic “High” so thgatQ is logic “Low”, then the output to

pin “GD” will be low.

] —>_ PartB
2V
“_ HifF D_
/Par—.ﬁ«
il
Low
. High :E’F\ [3 REF
\
Tow_~ [7 VDD
\g— 15/8V 17.5v
10/8v
= partD Low -
Higl 7 o J_mi) 6 |GD
cix
0sC 5 e,
RT
GND
PWM Latch PaftC

Figure4.4. Initial start point inside the TPS92001.

In this case, although the oscillator will stilhiction, but the output signal from the

“GD” pin remains low.
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Case 2. When 1V < V< 0.5V,

Parta
v High [5] rer
REF \ L
. [7 Tvoo
- I <7 |_?
10/8V
- = p PartC
- 6 |Go
RTC) 3 CLK
0sc
RT
GND
FWM Latch

Figure4.5. When 1V < V< 0.5V, inside the TPS92001.

The Ggsis charging up by the internal 6pA current sowacthe “SS” pin, so the
Vssis increasing. When ¥increases to above 0.5V but less than 1V, thisasecond

time period.

At first, the signal is compared with the 0.5V ilglire 4.5 Part A, it gives an
output logic “Low” for the input to the NAND gaté&hen, the output for the NAND gate

gives a logic “High” as an input signal to the Sfarence voltage source, so the “REF”
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pin yield a 5V reference signal. As shown in Parth® Vsis also compared with the 1V,
so it gives a logic “low” to the OR gate, which lgie a logic “low” to the reset pin of the

PWM Latch, enabling the PWM signals.

Case 3. When Vss> 1V,

|
g A
= >
s 1] >]/ pane
G D
_DL‘IL'. -
o _llll_‘ Laj Partd

Sut ™ . v [5] rer
55 [z]é G_SV_>~II> REF I L

HI q_ 15/8V * 17.5v

10/8 v
-  PartC

Lo 6 |lGD
0sC 5

=1
I
=

=]

RTC

RTD

GND

PWM Latch

Figure4.6. When V> 1V, inside the TPS92001.

When Vss is greater than 1V, this signal is fimnhpared in Part B, the output
from the comparator gives a logic “Low”, it passie®ugh the OR gate, giving a logic
“Low” to the reset pin of the PWM Latch. If the vaye at pin “CS” exceeds the 1V
threshold voltage, it will reset the PWM latch anddulates the “GD” pin on-time to

Zero.
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4.3 Characterization of thefloating load buck LED driver

The TPS92001-based floating load buck LED drives waptotyped and
characterized. For safety reasons, an isolated A@ mput of 63V was used. An
isolation transformer was connected to the AC maresinput of the inverting buck
LED driver was connected to a variable transforme load consists of seven 1-W

white LEDs with a rated current of 350mA.

A. Gate Drive Signal

Figure 4.7 shows the test circuit for the testihthe gate drive signal.

Figure4.7. Test circuit at R6 for gatedrive signal.
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Figure 4.8. Gate signal output captured on R6.

Figure 4.8 shows the switching waveform for theegagnal. As can be seen, the
switching frequency is around 88kHz with a dutyleyd of about 27.3% when the AC
main is 63V with a load current of 117mA. The anyale of the gate signal is about 15V.
The experiemtal waveforms obtained are very sinddhe simulated waveforms shown

in Figure 3.15 (a).

B. Current-sensed Signal

The node voltage between the source of the swidiainsistor @and the current-sensed
resistor(R and Rg) shown in Figure 4.9 represents the current-sewnskgge. The

current flowing through the LEDs is approximately\{(Rs+Rug).
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Figure4.9. Test circuit for the current-sensed signal.
From Figure 4.10, a peak value current of 4.40%(+.1.802) = 623.53mA was
measured. The current-sensed signal increasesxappity from 300mV to 600mV.
This indicates that the LEDs current varies frd@m&A to 176mA as the power
switching transistor is switched on. The duty cyslabout 27.3%. The spikes are due to
the inductive kicks during switching. The experiahwaveforms obtained are very

similar to the simulated waveforms shown in FigBuEs (b).
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Figure 4.10. Wavefor msfor the current-sensed signal.

C. Feedback pin FB signal

As can be seen in Figure 4.11, the feedback piheoTPS92001 controller is
connected to the current sense resistogafll Rg) and the source of the switching
tansistor Q. R;; and G couple the sawtooth signal to the feedback “FB” phe
current-sensed signal adds to this signal at tB8 [fin. So that a 1V-threshold is
obtained. Above 1V, the TPS92001 controller triggand resets the PWM latch.
Capacitor G serves as a filtering capcacitor to remove theeoiiispike shown in Figure

4.10.
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Figure 4.12. Waveformsfor the Feedback pin signal.
Figure 4.12 shows the feedback signal on “FB” pime experiemtal waveforms

obtained are very similar to the simulated wave®shown in Figure 3.15 (c).
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D. Oscillator Signal of TPS92001.
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Figure4.13. Test circuit for the oscillator signal.
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Figure 4.14. Waveformsfor the oscillator signal.

I Pos: 0.000s
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TOS 2024 - 16:39:32 20114714

Figure 4.15. Sawtooth signal from Rys.

Figure 4.13 shows the measurement circuit for dodlator signal of the TPS92001.

The waveforms shown in Figure 4.14 are the sigregisured from the oscillator from

Pin “RT2” on TPS92001 chip. As can be seen in Egur4, the oscillator signal is a
sawtooth with a peak-to-peak value of 1.78\d an oscillator frequency of 89kHz,
which is very close to the caclulated switchingjtrency of 93kHz. The discrepancy in
switching frequency is due mainly to the differemoéthe component values used in the
simulation and actual circuit implementation. Tkperiemtal waveforms obtained in

Figure 4.14 are very similar to the simulated warras shown in Figure 3.15 (d).

E. Free-wheeling Diode
Figure 4.16 shows the test circuit for the free-@limg diode. Figure 4.17 shows the

signals from the switching diode D3 on the maicwir The free-wheeling diode
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switches on when £Js off. It shows the average input DC voltage is around &er it
passed through the bridge rectifier and the filetrwork. The maximam DC voltage can
go up to 90V. The calculation shows that with gguinAC of around 63V, the rectified

output DC supply is to be around 89V without coasitg all the losses.
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Figure4.16. Test circuit for free-wheeling diode.

55



M Pos: 0,0005 MEASURE
CH1
Freq

1 o
Period

CH1 5000% Pl 5000 s

TDS 2024 - 16:24:56 2011/7/14
Figure4.17. Waveformsfor free-wheeling diode.

F. Signal from the drain of swtich transistos Q

Figure4.18. Test circuit for thedrain of FQT4N25.
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Fig 4.18 shows the test circuit for the drain vo#taf the switching transistor,Q

Fig 4.19 shows the voltage waveform at the draiQ.ofvith the switching frequency is
about 89kHz. When the switch is on, the drain g#ts near zero. However, when the
switch is off, the drain voltage is above 78We experiemtal waveforms obtained are
very similar to the simulated waveforms showniguFe 3.15(e). A duty cycle about
73% is indicated. Similarly, the experiemtal waveis obtained in Figure 4.19 are very

similar to the simulated waveforms shown in FigBukb (e).
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Figure 4.19. Waveformsfor thedrain signal of FQT4N25.

G. Reference voltage on TPS92001D

Figure 4.20 shows the test circuit for the pin “RBR TPS92001D. The
reference signal shown in Figure 4.21 is a condd&htoltage of 5V which

indicates that the chip is function correctly.

57



TP2
Y
\ = MURALZ0
ki f . 5 01y J. Yo D3
14 FUSE R1 33 - - :JL}V MURA120 LED+ 9 LEDs
e W T I Sl M ;31 LED- 280ma
4 4+ - . c
AC 470u a7ou | .. 2K X B3 1k red cg l J.E'-? 10;} 220
cs —t > 516100 o 12 -2U - 1pgy
0.01uF =L 1004 oS ZSD'M
R2 400V L X s 12v v
b 243 X o | 5
4 1 a 1 Q2
l RS ~ b FOT4N2S
| 301k FITTA
. -3
- R 10
270p a7 re
I ANA
| W
413k A8
16
ca
— R10
0.01u 18
U1
R11 4 TPS92001DGK
1% —
20k = 1. | E= |
FB lR:F _J
p— 55 VDD l €10
R13 10k ot
AW RTL  oOUT :[ D&ty
R15
W R1Z  GND L
427k 1
=] 7

€12 1
1000p IDE‘II o7 1 cie
z : 15 T Lou
=

Figure 4.20. Test circuit for the Reference pin signal.
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Figure 4.21. Reference pin signal from TPS92001D.
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CHAPTER S

Conclusion

A floating load buck LED driver was analyzed, desamnd prototyped. It was
found that the characteristics of the floating Ibadk converter are similar to those of
the conventional buck converter despites of thiedihce in the placement of output
inductor. The floating load buck converter was ssstully prototyped to drive seven
white LED diodes. The advantages of the floatiragllouck converter make it a very

attractive off-line high voltage LED driver.
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Micro Modd for UCC2809
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** T| and its licensors and suppliers make no warranties, either
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* AEi Systems, LLC

* 5777 W Century Blvd., Suite 876

* Los Angeles, California 90045

*

* This nmodel is subject to change without notice. Neither Texas
I nstrunments | ncor por at ed

* nor AEi Systens is responsible for updating this nodel.

*

For nmore infornmation regardi ng nodeling services, nodel libraries and
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Systens by enuil:

* info@ENG com O visit AEi Systens on the web at http://ww. AENG com
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*

** Rel eased by: Anal og eLab Design Center, Texas Instrunments Inc.
* Part: UCCL809-1, UCC2809-1, and UCC3809-1

Dat e: 08/28/2009

Model Type: Transient

Si mul at or: PSpi ce

Si mul at or Version: 16.0.0.p001

Ref erence Desi gn: Based on PMP665

Dat asheet: SLUS166B - NOVEMBER 1999 - REVI SED NOVEMBER 2004
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*
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