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Quantifying Harmonic Distortion
in Nonisolated Boost PFCs

A detailed analysis of the any continuous-conduction-mode PFC controllers use a nonisolat-
s : ed boost topology with average current-mode control. Examples of
tolal harmonic tistortion for such controllers are the UC1852, UC1854/UC1854A/UC1854B
family and the UC2817/18. These devices create a reference cur-
with average current-mode rent source, IAC, used as the reference current for the average
control using the UC1854A current-mode control. Fig. 1 shows the schematic of a PFC circuit.
The input current is a function of the IAC current as it is applied

and the UCC3817. in the following function within the PFC controller:

a nonisolated hoost topology
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Fig. 1. Simplified PFC schematic with a single controller in which the input current is a function of the IAC reference current source.
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Where:

VAO = Output of the voltage-sensing
amplifier

Vi = Scaled and filtered version of the
input voltage

TAC = Current reference.

Ideally, IAC is a scaled replica of the °
rectified input voltage. This ultimately is 120 VPK
the waveform that the current signal will
follow.

RMp = Terminating resistance for the
multiplier output current.

Repnse = Input-current sensing resistor.

Vigg = Forward voltage of the input
rectifier diodes.

Vs = The AC input voltage.

1 m (measurement?)

Tran generators = SIN

KBPC806 R3

Lin
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V(3,4) > 0?
I(R3):
——  |(R3)

Vi is used to stabilize the voltage-loop
gain against input-voltage variations.

Conduction of IAC begins when the AC input voltage
exceeds the sum of two bridge-rectifier diodes and the volt-
age at the JAC pin, V ;. The IAC pin is different for each
controller, ranging from as low as 0.5 V for the UCI1854A/B,
to a high of 6 V for the original UC1854. This conduc-
tion angle can be determined based on the input voltage as

assumptions:

Ve =075V
Vims = 85 Viruis
Rjpc =736 kQ
Poyg =250 W
Viac=14V.

Viws X V2 xsinB -2V, - Ve =0 (Eq.2)
Solving for ¢

Vr
0 =asin 2x Vit Vise x—[z— (Eq.3)
Vrass 2 ’

Thus, this is the angle at which current just begins flowing
through R, The instantaneous current is then defined by:

Viss X V2 xsin(T) —2x V=V,

1,o(T)= - S, (Eq4)
IAC

for angles from 0 to - 9 and from 9 + to 27- 0.
Due to the symmetrical nature of the waveform in both

x and y directions, the Fourier coefficients can be evaluated
within a single quadrant, using only A coefficients.

A(n) =zinx j:"’IAC (T)xsin (nxT)dt (Eq.5)
Then, the peak magnitude of any harmonic from the fun-

damental to infinity can be determined.
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Fig. 2. Schematic for the input full-bridge diodes that contribute a THD of 1.54161%.

A(1) = 15831 x 10-4

AR) =0

A(3) = 1.67082 x 10-6

The Total Harmonic Distortion (THD}) for any number of
harmonics also can be determined. For example, evaluating
the THD up to the 13 harmonic:

= =1.406% (Eq.6)

Dist, . = 1.406%.

THD DUE TO THE FULL-BRIDGE DIODES

Under this particular operating condition, the THD is
1.4%, based solely on the forward voltage of the input recti-
fier diodes and the voltage at the V|, pin. Fig. 2 shows the
schematic of the input full-bridge diodes. Individual harmon-
ics can be evaluated as well.

In Table 1 (page 30), the SPICE Fourier analysis results
show that the THD is 1.54%.

These results show that the majority of the THD is from
the 3 through the 9% harmonic,
which is generally difficult to filter,
while the higher order harmonics

are generally filterable, There are no

even harmonics. 2 S
5 0.63226

VAD, Ve, RMpyy; AND Ry . Aty
CONTRIBUTION TO THD 9 0.34935
In addition to the full-bridge 11 0.28472
diodes, the ripples at the VAO 13 0.23979

and V. pins of the IC chip also
introduce distortion into the system. The ripple at VAO is a
function of the error amplifier frequency compensation. The
Vg of Vs ripple is a function of the specific controller. For
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example, the UC2817 uses an internal circuit to create the Now, the THD due to the full bridge, VAO, Vi, Repnge
Vi signal with the addition of only a resistor and a capacitor. and RM g1 is 2.09%.

The UC1854A requires many additional components. The

ripples at VAO and V are assumed to be 30 mV and 20 mV, MAXIMUM DUTY-CYCLE LIMITATION TO THD

respectively, based on simulation results. For the purposes The next source of distortion is a result of the maximum
here, the THD is therefore: duty cycle of the boost converter. The continuous-conduction
VAO =21V transfer function of the boost topology is:
on RIPPL—Eo= 00203 Y Vour = Vi —— (Eq.8)
FFRIPPLE — oUrE N D
K1 =0.018
RMgp = 4020 O In the boost converter PFC, the output voltage is a con-
Repnse = 0.15 Q) stant, while the input voltage changes in accordance with the
The distoration, including the VAO and VF terms, is  sinusoidal signal. The minimum input voltage for the control-
defined in Eq. 7 (in box). ler to regulate occurs at maximum duty cycle. Assuming 97%
Dist}, - = 2.09258%. maximum duty cycle,
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Fig. 3. Schematic for a PFC circuit using the UCC3817 as a controller.
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Dist,,, =

13 iﬂ*e (VAO +V,

ORIPPLE

X sin(2T)) (Vms V2 xsin(T) -2

VFBR ~Vinc ) % RMoyr

xsin(nT)dT

2
i R R, (VRMS 22 XK1+ Virppps X SI0 (ZnT)) SENSE (Ea-7)
i
Vo +V xsin(2T) )X [ Vo, X/2sin{T)—2V, —V,
Zi e« e( AO AORIPPLE ( )l ( RMS (T) FBRZ 1AC ) xRMOUszin(lT) dT
T R,. (Vms X2 X =XKL+ Vi X sin(ZT)) SENSE
T
—2Ix V. —Vour + Vour xD
0 =asin (22)% Viyy = Vour +Vovr XD uax xﬁ =0.10752 (Eq.11)
Vewss 2
Dist,. =
2
3| g wrasn R TOUTTIOUDOMAR, T (AQ + VAO gyppys X SIn(2T)) X Viggs XVZin(T) — 2V, —Vipe)
Py (~2)xVpgg ~VouT +VouT *D, > xsin(nT)dT
n=2( 27" —asin *Vegg ~YOUT *VouT™ MAXX£ 2 .
VRMS 2 RIAC (VRMS X \/i X ; X Kl + VFHUPPLE 'X Sm(ZT)) mq.lz)
g wresnl 2R TOUTITOUDOMAL 1 (YAQ 4 VAO s X Sn(2T)) % (Viws XV2sin(T) =2V — Vi)
e —2)x Vg — Vi Vi 3 xsin(1T)dT
I _h;“[( I¥Vegg ~VouT +VouT*PMAX V2 2 .
VRms 2 Rc (Vms X2 x X K1+ Vi oo X sm(ZT))
Vour =380V Tour = 250/380 A
Dyyuy = 0.97 ;
Vin = Vour{l-Dyax) (Eq. 9) Lpx= 2 xToyrxm
Vin=114V. 2
The minimum input voltage for operation is 11.4 V. Lour = 250
Therefore, the conduction angle due to the maximum duty 380
cycle is: Cour = 250 uF
Viws x+/2 xin(8)-2Vrsz - Vour (1-Duax)=0  (Eq. 10)
F=60Hz
See Eq. 11 in box. 5
A(m)=—=x[." Txsin(2T))xsin (nT)dT (Eq. 14)
6 =0.10752° S0
Now, the total harmonic distortion due to full-bridge B(n) = Z_nx j: (I our X Sin (ZT))x sin(nT)dT (Eq. 15)
diodes, Vgz /VAO ripples, RMqgyr, Repnse 2nd maximum
duty cycle can be reformulated as shown in Eq. 12 (in box). 2
. C(n)=4A B Eq. 16
The final THD for the system is 2.85%. @) (n) * (n)l (Eq. 16)
c(1)=0
THD ANALYSIS FOR SLUUO77C (UCC3817) A(2) =0.65789
Referring to Fig. 3, the VAOgpp ; is a function of C7 A()=0
along with R2 and R19. The pole created by R7 and C7 is B(2)=0
approximately 10 Hz, so that the VAOgpp, ¢ equals: B(1)=0

R2 = 499 kQ
R19 = 499 kO
C7 =0.15 uF

1

VAO yp= Ot gppr "_‘_2;;5;{1097

For the output capacitor current:

(Eq. 13)
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The ripple voltage at the output capacitor, or any
harmonic, is shown in Eq. 17.

111
Viareuz (11) = 251x 2Fx Cour

The VAO ripple at twice the line frequency, n=2, is
calculated to be:
Viwrris (2) = 3.87417V

xA(n) (Eq. 17)
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1

<0.65789x 21X 2FxCT
2+RI19

1.11

2ax 2Fx Coyr
VAOuwee = 0.03432

VAOripeLE =

(Eq. 18)

i
e

MAGNITUDE NORMAL

NORMAL

PHASE
MAGNITUDE  PHASE
0 0 2.90541e-009 0 0 0 0
1 60 0.000115736 179.802 | 179.802 1 0
2 120 5.80794e-009 936039 | 93.6039 | 5.018266-005 | -86.198
3 180 1.3533e-006 20727 | -2.0727 | 00116929 | -181.87
4 240 5.80859¢-009 97.207 | 97.207 | 5.01882¢-005 | -82.595
5 300 7.99073¢-007 -3.1959 | -3.1959 | 0.00690427 | -183
6 360 5.80877e-009 100.81 100.81 | 501898005 | -78.992
7 420 5.63648¢-007 -3.9129 | -3.9129 | 0.00487011 | -183.71
8 480 5.80895¢-009 104.413 | 104.413 | 501913¢.005 | -75.389
9 540 4.33166¢-007 -4.0928 | -4.0928 | 000374271 | -183.89
10 600 5.80912¢-009 108.016 | 108.016 | 5.01928¢-005 | -71.786
11 660 3.49991e-007 -3.6379 | -3.6379 | 0.00302404 | -183.44
12 720 5809356009 111.619 | 111.619 | 5.01948¢-005 | -68.183
13 780 2.92229¢-007 -2.4967 | -2.4967 | 000252496 | -182.3

Table 1. THD is slightly higher than the MathCAD calculation due to the nonlinear characteristics of the diodes model.
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Fig. 4. SLUUQ77C PFC circuit used for THD simulation exhibits a THD of 2.53871%.
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_ MAXIMUM DUTY (%) THD (%)

93 6.799
95 4.064
97 2.492
99 2.132

Table 2. For 85 Vyyc input and 250-W output power,
the relationship between maximum duty cycle and
total harmonic distortion as derived from MathCAD
calculations.

VRM s

Vi = s | ¥
FFRIPPLE (RFF) 2ax CFFx2F x 85
(Eq. 19)

Then, we can solve VAQO as a function
of operating point (input voltage and
output power):

Dyjax =097
Poir =250 W
K=115

VAO =22V

F =60 Hz

Cour = 250106

POUT

Lour = ﬁo_

C7=0.15 yF
Ry = 30 kO

Cep = 2.2 uF
Vins =85 V.

The nominal THD of the applica-
tion circuit shown in Fig. 4 is calcu-
lated to be 2.49% using the equations
derived in this article. The THD result
form a SPICE simulation is 2.54%.
These results are very close and the dif-
ferences are primarily due to the non-
linearity of the input rectifier diodes,
which is not included in the equations
for simplification.

Dist; - = 2.49237%

Fourier components of transient
response IAC

DC component = 1.119095E-03.

Typically, the range of maximum
duty cycle of the UCC3817 is from 93%
to 99% according to its data sheet (see
Table 2).

The maximum duty cycle is the
major contributor to the THD. The
maximum duty cycle alone can increase
the THD by more than 100% when
Dy;ax changes from 97% to 93%. ®
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