Primer on Power
Supply Topologies

Lee Sirio

Director of Engineering i
11/2/23 ——

Inspiring Innovation

“ TTM Technologies '. y
|



Transformer Coupled Rectifier Supply (AC to DC)
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Single-phase full-wave bridge rectifier circuit with a C-filter
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Single-phase full-wave bridge rectifier circuit with a C-filter

Development of Ripple Expressions

Ripple arises from Capacitor discharge
between the peaks of
the rectifier output

for small ripple %
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TRANSFORMER COUPLED VOLTAGE DOUBLER
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Voltage Doubler
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Same slope (capacitor
discharge rate)

115/230_Jp
SWITCH

v BRI

1 o0 s competer Please refor 10

open) +voltage Doubler (sw. closed)

US Voltages 90VRMS-132VRMS
Switch closed Vo=2*SQRT(2)* VRMS
=254V DCto 373 VDC

Europe 230V+/- 23V VRMS
Switch open Vo=SQRT(2)* VRMS
= 293V DC to 348 VDC
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Three-phase Bridge Rectifier with Resistive Load

6 DIODES!
* The output voltage ripple frequency is six times that of the input
voltage waveforms (60 degree intervals * 6 per cycle). x & &
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« Capacitive + Resistive Load
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Multi-pulse Diode Rectifiers

Why Use Multi-pulse Diode Rectifiers?

* To reduce line current THD;
« To improve input power factor; and

 To avoid semiconductor devices In series.
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Three Phase Transformer Rectifier Supply

* The output voltage ripple frequency is 12 times that of the input
voltage waveforms.
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Three Winding 12-pulse Scheme (Transformer Rectifier)

e Rated for full power operation — bulky but ONLY option when input is medium
voltage and drive is of low voltage rating (very high power applications)

3-winding isolation transformer

H1

H2

H3
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30 Degree Phase Shift between Delta and Wye
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**With turns ratio Equalized
Three-Phase Wve and Delta
Line-to-neutral voltages are in blue and line-to-line voltages in red.
Note that the magnitude of the line-to-line is v/3 times larger, and
+30 degrees different in phase compared to line-to-neutral.
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Three Winding 12-Pulse Waveforms

2005-06-20 15:22:15 | nok  BoxAvg
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DC Full DC Full |DC  Full Load= 40hp

1Z2pi=so+DCL.75mH, 40hp
THD=13.4%
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Example: Three Phase 6-PULSE SCR Rectifier Supply (Alpha=30 degrees)

3 phase full wave controlled rectifier
0° < a < 60°

ok F [T SE
T1 T5 p ’

. Q
Va la /}lrl L
Vb o |Vo
Ve A 5| 1l | T | TS |
D T6 | T2 | T |
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Three Phase 6-PULSE SCR Rectifier Supply (Alpha=60 degrees)

3 phase full wave controlled rectifier

0° < a < 60°

.

VS %o Yoy +A
. nﬁp Y
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rad 6% 1228 ‘
a = 60° %r ‘—’i/ v Vo

wt = 90° to 150° T1 and T6 conduct
Vo = Vab

wt = 150° to 210°7T1 and T2 conduct
Vo = Vac

wt = 210° to 270° T2 and T3 conduct
Vo = Vbe

wt = 270° to 330°% T3 and T4 conduct

Vo = Vba
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Model

f(x) =0

Programmable Three Phase 12-Pulse SCR Supply (MATLAB)

(Vb >—{abe

Vi
abc > >
L Phase voltages [V]

N
labe >
L Phase currents [A]

—
ﬁ/ DC voltage [V] ”

—Cr - @ +

Discrete freq =3
gﬁ angle pltheta  Pdelta —P{s G
h
mag > _l” aipha __Pwye [ Gate driver D
Three-phase PLL pie | Thyristor 12-Pulse
Generator S G
Firing angle
Gate driver Y
~ o iabc -1 <

1

Voltage Source
6000 V ph-ph

vabc

Twelve-Pulse Thyristor Rectifier

1. Plot voitage (see code)
2. Explore simulation results using Simscape Results Explorer
3. Learn more about this example

Copyright 2015-2023 The MathWorks, Inc.

Wye-Delta11-Wye
Transformer

) R =10 ohm V(;
Thyristor converter D L=5mH +c
—1Ca e
l- -
- W

Thyristor converter Y
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Example: Three Phase 6 Pulse SCR Rectifier Supply

High Voltage Rectifier

Control Enclosure

SCR Controller

Six Back to Back SCR's

(H1 to H6)

‘ Secondary Side of the Transformer

“ TTMTechnologies.
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Linear Supplies

Why Use Linear Supplies?

« Simplicity

* Low Noise

 Reliability

* Low Cost

 Feedback Loop: Easy to Control
Disadvantages?

 Poor SWAP (Size, Weight and Power)

* Poor Efficiency

“TTIM
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Low Efficiency of Linear Regulators
Dissipative realization

Series pass regulator: transistor operates in
active region

.......................................................................... /
+ S0V - [0A
| >
A.I..L +
V, linear amplifien
° . |and base driven - ¢ R V
100V . 5Q Y 50V
P/u.\'.\ ~ 500W i -
Pi” - IOOOW 5.........................................................................5 P““, — 500W
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Introducing the Switch-Mode Supply

Battery =~ -,

: DC
y Unregulated

AC Line | .

Voltage L

, U trolled . Filter D.Cto D.C Regulated, Load
.ncon - 'E: —> Converter
Diode Rectifier oC OC
1-Phase or
3-Phase Unregulated Unregulated T

Ve

D.C to D.C Converter System
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Typical Switch-mode Supply Topology Components

Efficiency & Power Losses

* The various conventional circuit elements are illustrated in
Following figure.

B — cose

| ;

—\
|1
i

. DT, T.

Linear- $ '

mode Switched-mode
Resistors | Capacitors | Magnetics Semiconductor devices

* The available circuit elements fall broadly into the classes of
resistive elements, capacitive elements, magnetic devices
including inductors and transformers, semiconductor devices
operated in the linear mode and semiconductor devices operated
in the switched mode.

P ——
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Maxwell’s Equations

mE . dA = A Gauss's law (electric) => electrostatic case
go

S
Maxwellian Electrodynamlcso Don't need

= /\¢ V=L*dI/dt )

E-ds=- L Faraday's law
L dt

VOItS & b => |—C*dV/dt
1B-ds = u, I+[e,u, Ampere-Maxwell law
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Basic Physics of a Capacitor
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Waveforms of a Capacitor

Energy Storage: Capacitor

N
Cd

-----------------------------------

) constant
; ( current
i C . V , I : \\

- / ramping
_dQ—d(CV)—C 714 <= voltage on cap
- dt - dt - dt - Time

——

v
0

/
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Basic Physics of an Inductor

Energy Storage: Inductor \( constant voltage

Self Induction - the production of e.m.f. in a circuit At
due to the change of current in the circuit itself

* Running a changing
current (by changing R),
creates a changing
magnetic field, which

creates an induced emf
that fights the change

« Unit: Henry (Vs A'!)

o| . Ipk= V*Ton/L

= ramping

current

NOTE: Real Inductor has series R which makes the current follow an exponential rather than linear function

“TTIM
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Basic Physics of an Transformer

Transformer
Magnetizing CU rrent *Leakage Inductance Omitted
IPRf Np:N ISEE - N, -
VPRJ ’ + e o | T i N g

| Lyviag
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Basic Switch-Mode Concept

Switch Mode Concept

_O\LFSW A -
veraging v
v (* Circuit ovt D = switch duty cycle
N\ ‘ 0<D<l
AV T, = switching period
v
WA Duty Cycle = Ton/Ts f. = switching frequency
I =1/7
Vin :
Ts
'Ton
0 >
) e e Je e ) Time
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Power Loss in an Ideal Switch:

Switch closed: v(r)=0 n

1y

Switch open:  i(t)=0
V(1)

In either event.  p(1) = v(t) i(t) =0

Ideal switch consumes zero power
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Now Add a Lossless L-C Low Pass Filter

-------------------------------------------------------------------------------------

| i(1)
o 60\ »—
B i+
/ L
: 0 :
Vv 2
g v (1) ¢ = i R S v(r)
100V :
)‘ o 5 7 E.....-....-........-...--....---...-......----..---..-...........--.-..-........---.§ ) — 5 j W
Ca 2N P, small F o= 2N

**Filter cutoff frequency is chosen to be significantly smaller than the Switching Frequency.

This is called the “Buck Converter” in
which we now have a “clean” DC
output voltage!
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Addition of Control System for Regulation of Output Voltage

Power Switching converter Load
: /TE0 :
v - .

Sensor

H(s) gain

'I'r(m.s'i.?m r Error
gate driver signal
Pulse-width| V. ;
0 aitleel (Gits)
YT / modulator '

Compensator

Reference
dls T ! input
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3 Basic Non-Isolated DC-DC Converters

Bl (e * Buck converter
LLI. N VG =DE
E 3 .y - Vo
M > * Boost converter

E

-+ R} + 2w N=1Tp

|_ LLI-l ¢ * Buck-boost converter
" DE
E —_—— —— VD V:) —
- 1-D

“ TTM Technologies.
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Non-Isolated DC-DC Converters (Continued)

Buck converter

£11A

EEEN

O | %

Boost converter

.11 H
, _1 E —_—
Buck-boost converter
d¥l ¢
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The “BUCK” - Most Basic Switch-mode Converter

Energy stored in the coil

T S o..L . & i o
Cl+ +
@ — y N —
"""""" ElecCircuit.com
— © =]

Energy stored in the C

; Buck Converter On Time

/)

Q1 L
Gate1 I
- /aiad))
Viv C) + o+ - I +
L
Q2 —
Gate2 | o ¢c— R D Vour
V
Vi =Viv-Vour
, Buck Converter Off Time
IN
|
Q1 L
Gate1 ———~ [
> + + v, " I +
Q2 V. —
Gate2 " T R H Four
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BUCK (Continued)
Switch is CLOSED

e  When switch is CLOSED

di
Vi =V. -V, =L—
L S O dt
o di_VS_VO
dt L
L iz \V/e)
T—>
+ oy - +

Vs T Zk C 7 r SR

“ TTMTechnologies.

Vo &

1|‘

Continuous
current

CCM

Discontinuous
current DCM

0 kT

(b) Waveforms
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BUCK (Continued)
Switch is OPEN

e  When switch is OPEN

di
’ VL——V;)—LE

o ﬂ e — E
dt L
L i
>
T v o- T
i - —1_ R
Vs T C T I,

“TTIM
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Vi 4

x'!

1|‘

Continuous

-

I
} t current
|

Il |
I CCM

- kT -l (1—-KkT
| |
l >
0 kT T t

. I
I
I
|
I
I
|
| Discontinuous
: current
|
: DCM
|
T

(b) Waveforms
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BUCK (Continued)

Buck Converter Math

Vo = DVs

o _ (A=DW,T
L L
Lin = (l—Z?JR for continuous operation L =V, (% . (1—2I£)T)
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Boost Converter Waveforms

L q(t) ‘ ‘ ' : . S . . o .l.-J
i ; . _ 1o
. D out ON OFF
in —p —_—s — —
L V] +
Vin —— X C ﬂ, . Y out
i
C

switch current

diode current

IR T g I -

Current
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Active Power Factor Correction (Boost converter)

I MIDBUS
(Y Vin — (™ 390V DC
B - - + +
—J current ' Load
fast Y PWM _I il -
nEm Curent =2 ™| Control 1 [z
o Loop
W +
AC Input Voltage § V, -— 0
85VRMS-264VRMS '~ =
N e e I <
§ "3 Vs Von Feed Back
Loon
- o Square
Feed Forward C> o Kf Vi Ks KS KfZ VIN2 =
G T VERR - KM - VSIN
::I: Vi = VDIV KM " VSIN =

KD - Ks - K2 - VIN2

Continuous Conduction Mode (CCM), and controlled by Average Current Mode Control (ACMC)
“TTIM
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The Buck-Boost converter (CCM)

Negative Output

lin Iq Voltage ) @)
- 1 . l_
+ | I~ - / 1
Vin ™= iLﬂ %'— c = ic Vout Yo - '
- | + e ./\/\
lout -
2 /
Output Voltage Boost (Up) or Buck(Down) . bl
(relative to input voltage) "
DVln - DT\\(J;— 2T '
VOUt B 1_ D Fig.1 Buck-boost converter: (a) circuit diagram: (b) waw
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Power Supply Control Discussion

Compensation Input
Filter Voltage

Error

Amplifier ¢ 1
+
' }

LOAD

Voltage
Reference T

v

Figure 1. A typical power supply control loop.
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Solving the “Characteristic Equation”

Poles

Roots of this denominator goes into the exponent of the equation that
represents the output waveform

s-plane
o(t) = K1d=mthy Kol

Inverse Laplace Transform

X % >0
-7.854 -1.146

cl) c()=1+0.1717783
A 1.171¢7 11460

This is a damped response (Asymptotically Stable) since all poles
lie in the left half plane (LHP).

0.5¢

“TTIM

TQChﬂO’OgieS@ Inspiring Innovation



SOLVING the “Characteristic Equation”

G(s) ()
1
R(s)= 5 - 9 C(s) - Exponential decay generated by
s“+2s+9 real part of complex pole pair
Jjo
s-plane A
X | jV8
i 4
_] Sinusoidal oscillation generated by
. imaginary part of complex pole pair
x -]‘fg -

c(f) c(r) = 1-e(cosV8t +"§ sinV81) . . .
Lh =106 costBi-1947) » Natural response: Damped sinusoid with
121

1L .
sl an exponential envelope
0.6
g; Inverse Laplace Transform

o= c(t) = Kie " cos(wgt — @)

“TTIM
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Roots of “Characteristic Equations”- 2"P Order Systems

b .
(o) real axis

Re s

S =-0 + jod
c=1
4
S = =t - jd K]
Imy
A
|
|
|
|
& |\ 45°
r/
/’ 0
7|
|
|
— = R—
|
Overshoot )

Settling time

“TTIM
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Table: 2"9_order response as a function

of damping ratio

4 Poles T
o ()
s-plane
0 o
~ja :
Undamped
ja s-plane cl(t)
X Jon\1- 82
0<{=<l .
—La,
X —ja, 1= &2 Underdamped
Ja (0
s-plane
¢=1 >4 o
~La,
I
Critically damped
I el
—fato, VE2-1
\ s-plane
{>1 VIRV - :’
—Fa — = i
S Overdamped
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Practical Feedback Realization (Buck)

Vee
oy
|—
L Vour
——— 1YY VN *—o
G"ate
Drivers : | Cour L Rioap
i iy
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Simple "Proportional” Feedback

X(s) y(s) Linearized Boost CCM model
>& > Gols) >
+ I V(5 {”i]{l‘i] (1-D,)'R
o \S) _ @y @, 1 U ) Rgad
K |« D(s) =4, S i‘z s _rCCz @ = L
0,0 |\ o,

Figure 1: The proportional feedback control system.

Go(s) = N(s)/D(s) mmp OPEN LOOP (No Feedback)) - [V'”T

fRHP_zero = ﬁ V_

o]

rg

B KN(s)
T(s) = D(s)+KN(s)

» CLOSED LOOP TRANSFER FUNCTION (Feedback)

Important NOTE: At K =0 the roots of the “Characteristic
Equation” start at the Open Loop Poles and migrate
towards the Open Loop Zeros at K = Infinity.

“TTIM
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Boost Converter Root Locus (CCM) with Proportional Feedback

Root Locus

b Instability

RHP Zero

K=0 =0 \/

K=Infinity

K=Infinity S

Imaginary Axis (seconds™)

Open Loo ole5} Instability

Real Axis (seconds™")

Root locus of the closed loop system of boost converter with proportional controller and two real negative roots.

“TTIM
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MATLAB Boost Converter Root Locus (CCM)

»» controlSystemDesigner ("rlocus',tf boost);
»» tf boost=(Ro* (1-d)/ (2*Rsense) ) * (1-5/ (2*3.14*Frhp=z) )/ ( (1+s/ (2*3.14%Fp) ) ~2) 2 x Rgense
; —

— (1 ][1 ]
Ra x(1—-D 2xmx | 2xmx f
Gps (S) o} ( ) < ESRZ RHPZ

S . 2
1T+ —M
< 2xnx [p )

Root Locus Editor for LoopTransfer_C |OTransfer_r2y- step
x104 Root Locus Editor for LoopTransfer_C Step Response
3l i o8 From:r To:y
2 06
15 04
0.5 u .
. contain the ESR Zero
2
({, 0 E‘ 0.2
<
0.4
-05
06 H
bk
08
15+
1
2+
-1.2 : :
1 0 1 0.5 1 15
Real Axis 10* Time (seconds) %107

Inspiring Innovation
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Stability Summary (Voltage Mode)

Buck, Boost and Buck Boost (DCM- Discontinuous Conduction Mode) are ::> FAcy
all single Pole Functions for dVout(s)/dVin(s) and dVout(s)/dD(s)

BUCK (CCM):

Fixed Pole Pair for both dVout(s)/dVin(s) and ::> Medium Difficulty
dVout(s)/dD(s) located near 1/SQRT(L*C) |

No RHP

Boost and Buck-Boost: (cCM- Continuous Conduction Mode)
dVout(s)/dVin(s) -Variable Pole Pair near

(1-D)"2/SQRT(L*C) and RHP Zero for :::> Most Difficult
dVout(s)/dD(s)

“TTIM
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The Fly-back converter

 Buck-Boost converter:

.

y 5“

||
1]
AM—

Equivalent (isolated) version using magnetically coupled inductors:

[ N

1YT Ui
L
Ny 3 g

Flyback Converter

“TTIM
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The Fly-back converter (Continued)

[ >
1,

N

* The coupled inductors is an energy storage device (ass opposed to a
traditional transformer)

 Output side is galvanically isolated from the input side

N, DV,
Vout = N2 1 B
L 1-

“TTIM
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Fly-back Converter Waveforms (CCM)

+
py
5]
—AAA—]
E
O
4]

louTt

* L ]
o s
. .
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(A) = Flyback converter power circuit
(B) = Gate pulse for the MOSFET Q,
(C) = Voltage across the primary winding

(D} = Current through MOSFET Q4
(E) = Current through the diode D

(F) = Voltage across the MOSFET Q4
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Power Electronic Converters in Electric Drive Systems

DC DRIVES
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Power Electronic Converters in Electric Drive Systems
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Two-quadrant Converter

V, 4

T1 conducts — v, =V,

Motor can deliver energy to the supply input bus!

Q1

Q1

D1 conducts — Vv, =V,
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Power Electronic Converters in Electric Drive Systems
DC-DC: Four-quadrant Converter
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