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Digital Controller Eases Design Of Interleaved PFC For Multi -kilowatt Converters

by Rosario Attanasio , Giuseppe Di Caro , Sebastiano Messina , and Marco Torrisi , STMicroelectronics ,
Schaumburg, lll.  and Catania, Italy

In power supply applications requiring higher power up to and beyond a kilowatt, the design of power factor

correction (PFC) boost converters using interleaved stages rather than a sing le stage becomes advantageous.
That 6s because the combination of multiple interproflaved stages
components including smaller filter components. However, the controller IC options that have been available to

date have r equired specialized design and programming skills in order to implement PFC at the kilowatt level,
while also imposing performance restrictions due to bandwidth limitations associated with digital control of the
compensation loop .

To overcome these dif ficulties, a new digital controller ~ has been developed that is suitable for multi  -channel
inter leaved PFC topologies operating in continuous conduction mode (CCM). The operation and application of
this IC, the STNRGPFO01, are pre sented in this article.

The main characteristics and specifications of the controller are provided in the first section. The control

structure is then discussed: this is based on a semi -digital control scheme where the time critical functions such
as fast overcurrent protection and input current control are performed using analog parts to attain precise,
cycle -by - cycle regulation.

All the non -time -critical functions, such as multiplier, feed -forward compensation, voltage protections and

voltage control lo op are implemented digita  Ily. The experimental results for a 3-kW three -channel interleaved
PFC prototype, provided in the last section of the article, show the suitability of the proposed approach and the

benefits of combining digital and analog control te chniques .

Benefits And Challenges O f Interleaved PFC

In applications where the required power is greater than 1 kW and where the form factor is a design constraint ,
interleaved converters are often used. Interleaving of PFCs consists of using two or more  active single -switch
stages (Fig. 1), each rated for a lower power, instead of a single stage rated for the full power and more

challenging to design
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Fig. 1. Interleaved boost PFC with N active channels
The main advantages of an interleaved converter a re ripple cancellation, reduction of magnetic component size
and volume, lower EMI and better thermal management. By interleaving, the equivalent inductor current ripple
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is reduced and it is completely cancelled for some precise values of duty cycle (  i.e. D = 0.5fortwo -channe |
boost; D = 0.33and D = 0.66 for three -channels PFC s).

The ripple -cancellation effect, which is a consequence of operating the paralleled stages with a phase shift equal
to 360 degrees divided by the number of stages, is also very i mportant not only for EMI and power density but
also for efficiency.

Few analog ICs are available for the implementation of interleaved topologies. Most of them limit the designer

to the use of two interleaved PFC stages operated in critical conduction mode (CrCM) with constanton time
(COT) control . This allows the use  of the se controllers in applications rated up to about 800 W. Only very few
ICs are suitable for ~ continuous conduction mode (CCM) control.

That 6s si gni f iCEMis tery mpartanu s @nd almost mandatory as the power requirement of the
application increases.  In any case, some of the functions required for compliance with new regulatory standards

(i.,e. ENERGY STAR) such as phase shedding, needed to ensure low standby power and flat effi ciency curves,
are difficult to manage and implement in analog controllers, especially as the number of active phases

increases.

On the other hand digital controllers are available. They are more flexible compared to analog ICs and also
more expensive. Po  werful MCUs and DSPs allow the implementation of advanced functions, the use of more
sophisticated topologies and provide interface and communication peripherals. But they require a lot of
engineering resources, skills and time to be programmed. In additio n, full digital control has bandwidth
limitations compared to an analog implementation.

This article presents the STNRGPF01, athree -channel interleaved CCM PFC digital controller, and discusses the
associated control and configuration strategy to provide the flexibility of digital control and the fast dynamics of

analog controllers. Ease of use and fast development time are other advantages highlighted throughout the

article .

The STNRGPFO01 Controller

The STNRGPFO1 is a digital configurable ASIC developed by STMicroelectronics. It is able to drive up to three
channels in CCM interleaved PFC boost topologies to meet the IEC 61000 -3-2 standard for electrical equipment.

The architecture is shown in the block diagram of Fig. 2. The controller is built around a n 8 -bit CPUwitha 16 -
MHz clock and it can be configured using a dedicated software tool.

STNRGPFO01

Voltage and o
current loaps Status indicator

Measurements

Analog inputs

Driving o
& Interleaving Digital controller

Start-up funetion Fan control

Fig.2. The STNRGPFO1 PFC controller a rchitecture.
The measurement block uses 10 -bit analog -to-digital converters (ADCs) with up to eight configurable channels.

This block is used for the acquisition of the feedback signals necessary for the implementation of the control
scheme shown in Fig. 3.
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Fig. 3. Control scheme implemented with the STNRGPFO1.

An outer voltage control loop is used to regulate the PFC bus volta ge to a preselected value while an inner

current loop regulates the total average inductor current. This is sensed by means of a resistor R i_sense placed
on the ground return path of the PFC current. The difference between  the output voltage feedback V' out_fb and
reference V out ref is sent to a digital Pl controller , which calculate s the peak of total input average current i

The PFC current reference is internally generated and is available on the output of an I/O Feed Forward (/O
FFD) block as a PWM waveform.

pk_ref .

The PWM is then filtered and used as the total average sinusoidal input current reference i tot_ref for the inner
current loop . This is implemented using standard analog techniques as highlighted by the red dashed line of

3. The difference between the current referencei it ref and the input current feedbacki  twt o is sent to an analog
PI1 controller whose output Vet IS used to generate the master PWM o signal by comparison with a triangular
wave V riang at the switching frequency.  Thisis detailed in Fig. 4 which shows, the digital voltage control loop

and the use of two fast comparators, internal to the controller, for the generation of the master PWM signal.

Fig.
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Fig. 4. Detail of the generation of the PWM o master signal for interleaved PFC control.

The outputs of the two comparators, COMP2 and COMP3, are sent to the driving and interleaving block where
the three PWM signals used to control the three power switches are generated.

The interleaving operation is highlighted in  Fig. 5. The mas ter signal (PWMO) rising and falling edges are used
to determine the phase shift and the duty cycle of each of the two slav e signals by means of two event -driven
state machines embedded in the STNRGPF01 (SMED1 and SMED2 for PWM1 and SMED4 and SMED5 for PWM 2).

The output of the SMEDSs are SET & RESET signals processed by two flip -flops in order to generate the PWMs

signals for the two slave channels. The phase delay of the slave signals is determined by synchronizing the
SMEDs with a timer counter managed by the CPU and triggered by PWMO.
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Fig. 5. Interleaving operation of the STNRGPFO01.

The digita | section, highlighted in F
forward functions
response is present. Finally, the programming block has |
monitoring and communication functions.

Designing The Current - Control Loop

The interleaved boost co  nverter small
(SSA) method and a
calculate the Pl regulators  &parameters and satisfy bandwid

sake of simplicity it was assumed that:
1) The ¢ onverter works in CCM mode only.

2) Active and passive components are ideal.

3) The parallel boost inductors are identical and the total power is shared

4) The p erturbations on
switching cycles.

In the following equations the notation A ~ dndicates small
steady -state operating point variables.

-signal transfer functions
l'inearization

the main s voltage are neglected and

ig. 3 by the green dashed line, is also used for
. When the main s voltage changes suddenly

2C and UART interface

are obtained

th and phase margin

operation

inpu t voltage and load feed -

or a load current step occurs a fast transient

, which can also be used for

stability requirements

using the state -space averaging
(Tayl or 6s

series
. For the

symmetrically in the three channels.

this is assumed to be constant during several

-signal variables while the upperc
The control -to-input current transfer function is shown in equation 1.
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3 1
- CourVours + Pour(1 + n)VOUT
Gi(s) =—=
l 2 2 2
6 CourLprcVours® + LprcPours + NenViy "
1
From th is it is clear that the control -to -input current transfer function depends on the number of channels and
input voltage value for a fixed output power and regulated output voltage value. In the high -frequency region
the following approximation can be used to simplify equation 1.
ot _ Vour
Gi(s) = 5 TS
PFC
@)
Figs. 6 and 7 show the Bode diagrams of the control -to-input current trans  fer function for different values of the
input voltage and number N ch Of active channels respectively.
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Fig. 6. Bode diagram of control -to-input current transfer function for different values  of input

voltage.
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Fig. 7. Bode diagram of control -to-input cur rent transfer function for different Nch values with
230 -Vac input .

The current control loop block diagram is shown in Fig. 8. In this diagram, V' pk_tiang IS the peak -to-peak voltage
of the triangular carrier and K Plout iS a scaling factor used to match t he PI regulator maximum output voltage
and the triangular carrier peak voltage.

w ) _.-\}_,- e Ll ira
!‘r‘:"‘r_f E!'f + EI U{-mr KPJ’_r:-rrr (S IHH
Ci(s) > > Gi(s)
K}J;_.‘n'fm,s;
Liot th
A;
Fig. 8. Block diagram of PFC current control loop
Ai is the input current sensing gain and C i(s) is the compensa tor transfer function. The open -loop compensated

transfe r function is then given by:

Ti(s) = Gi(s)Li(s) (3)

where

© 2017 How2Power. All rights reserved. Page 7 of 24
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K
Li(s) = A PI'O,ut AiG;i(s)
pk_triang

(4)

As mentioned in the previous section the current controller is implemented with standard analog technique s and
a type -2 compensation amplifier was chosen for this design ( Fig. 9).

Ry Ce

V() Ri

vc[r[

v(ﬁol_rejf)
— 1+

Fig. 9. Type -2 compensation amplifier

The transfer function of this compensator is given by equation 5

1 CroRes +1
(Crz+ CrodRi o LraCror o g

Ci(s) =

(5)

The locations of poles and zero are:
L pio — 0

(GG 1
ZT[CfZCprf ZT[Cprf

fpil

1

2 anfZRf

(6)

where the first pole is placed at the origin to form an integrator. The second pole fpir can be simplifiedasi n
equation 7 if Cqp << Ciz:

(Gt Gp) 1
 2mCp,CepRy  2mCrpRy

fpil

@)
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This pole is usually placed at one half of switching frequency in order to attenuate s witching noise without
interfering  with current loop regulation

The zero fza of the compensator is selected such that it provide s sufficient phase margin at the chosen

crossover frequency. Typically these parameters are selected according to Eq. 8 where fsw is the switching
frequency, frides is the desired crossover frequency and PMiges is the desired phase margin. The t able
summarizes the design parameters used for the implementation of a 3 -kW three -channel interleaved PFC
converter.

1
friges < T fow
PM;, =45-60°
fzix = fria/2

®
Table . M ain parameters used to design a 3 -kW interleaved PFC.
Parameter | Description Value
Pout Output power 3 kw
Nch Number of channels 3
VIN RMS nominal input voltage 230V
Vout RMS nominal output voltage 400 V
f Line frequency 50 Hz
E Estimated efficiency 98 %
Lrrc single channel boost inductor 120 7}
Cout Output capacitor 4x470
Vpk_tr iang Peak-to-peak volt age of triang. wave | 2V
KPI_out Pl out scale factor 0.5909
Ai Input current sensing gain 0.0927
Av Output voltage sensing gain 1.9128
AmuL Digital multiplier gain 3.3086
AsMED Digital to analog gain 0.00068
fsw Switching frequency 111 kHz
fTi_des Current loop crossover fr  equency 7.5 kHz
fTv_des Voltage loop crossover frequency 10 Hz

© 2017 How2Power. All rights reserved. Page 9 of 24
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PMi_des Current loop phase margin 60°
PMv_des Voltage loop phase margin 60°
fPi_ctrl Voltage loop control frequency 1 kHz
Based on these parameters and the previous guidelines for the placement of the pole s and ze ro, the type -2

compensator amplifier parameters can be calculated as follows.

Starting from the selection of Ri, a 5.6 -k nresistor is used. The value of Rt is then calculated so that the err or
amplifier brings the control -to-input current transfer functio nto O dB atthe desired closed -loop crossover
freque ncy. Looking at the Bode plot in F ig. 7 the required gain of the error amplifier is given by:

Acis) = 1096/20 =21 o

Hence the value of Ry is calculated as
Rf = Ri/ACi(s) — 26k Q

A 2.4 -k nresistor can be u sed.

The high -frequency pole ¢ apacitor is calculated from equation 10.

1 1

Crp, = = = 1.1nF
P nfuwRe  m-111-103 - 2400
(10)

and a 1-nF capacitor is selected  for the implementation
Lastly, using equations 6 and 8 the value the value of Ctz can be calculated as:

(& ! 17.6 nF

= = = bn
Z
4 frip 775002400
A Rf
2

A 15 -nF capacitor is then used.
The Bode plot of the current compen sator amplifier is shown in Fig. 10 while the plot of the ¢ urrent open loop

transfer function  Ti(s) is showninF ig. 11.
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Fig. 10. Bode diagram of current compensator  Ci(s) .
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Fig. 11. Bode diagram of compensated current open -loop transfer funct ion, Ti(s) .

10

The method performed above with the suggested pole/zero placement achieves a phase margin of 51.8° and a

crossover frequency of 6.91 kHz, very close to the desired one.

Voltage L oop Design

3

Using similar considerations to the ones shown in the previous section, the control -to - output voltage transfer

function is given in equation 11

© 2017 How2Power. All rights reserved.
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~ PN Virg— UL Lo | 2
U chVIN V, PFC our
H(s)= o ( UADL )

5 COUTLPFCVOZUTSZ + LppcPours + NchVI%V

(11)
and the input current  -to - output voltage transfer function is given in equation 12.
5 5 & 2(NewV _Four s) Vg
" ( ) Vsur P o) chVIN nVIN PFC our
S)= = — =
v = =
{ O 1 3 1
tot ot CourVours + Pour(1 + 2)Vour
n
(12)
Since voltage loop crossover frequency is generally selected in the range of 5 to 15 Hz, the right half plane zero
(higher frequency) can be neglected. The complete cascaded control block diagram is shown in Fig. 12.
Vin fﬁrmf!
O FFD
— — = Pl ARG s o rd
vc!c'_rc{f' + €y — ! ik _ref I tot_ref le’u.r_rcff' Lyot . Vour
C\(s) »  Auu Ao » Fifs) » Gu(s) >
Vout fb

A,

Fig. 12 . Block diagram of complete control loop.

In this diagram:

Toye =small -signal output vo  ltage
f.;.u:_.fa: small -signal output voltage sense
fdf_i-’g- = small -signal output voltage reference
f[i.,_: small -signal input voltage sense

{j504= small -signal load current sense

E?,: =small -signal voltage error

~[PT) .
fg.;;:rgf: small -signal Pl peak current reference

ol

) . i, . .
tfn.r_i--._:-‘f= small -signal digital sinusoidal current reference

Fi (=)= input current closed  -loop transfer function

€27 = output voltage compensator transfer function
© 2017 How2Power. All rights reserved. Page 12 of 24
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Aprp = digital mult  iplier gain for digital current reference generation
A cprep= digital to analog gain for analog current reference generation
A= output voltage sensing gain

The 1/O FFD block will be analyzed in detalil in the next section. For now, it can be simply considered as a
constant gain block  AmuL. The output voltage loop regulation is done with a digital Pl controller:

Kp vacs + K vac

Cy(s) = "
13)
The Pl parameters are calculated to achieve the following design targets:
fTi_des =5—-15Hz
PM; =45-60°
i_des (14)
Considering the open -loop compensated transfer function shown in equation 15:
T,(s) = C, (S)Lv(s)
15)
where
Ly(s) = AyurAsmepFiGy () Ay
(16)
and that a stable system is obtained if the following two conditions are verified:
|Tv(ijv_des)| =1
> — o
ATv(]wTv_des) = —180° + PMv_des
(17)
The compensator parameters can be obtained by solving the following system:
( _ Wty _des
KI_Vdc -
|Li(ijv_des)|\/1 + tan? (PMv_des — )= ALv(ijv_des))
{
KI_Vdc tan (PM'v_des =907 — LLv(ijv_des))
L Kp vac = o
Tv_des (18)

which is solved by

© 2017 How2Power. All rights reserved. Page 13 of 24
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Fig. 13. Bode diagram of voltage compensator  Cy(s) .
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Fig. 14. Bode diagram of voltage open -loop trans fer function

Tv(s) .

With the calculated parameters a phase margin of 60° at the crossover frequency of 10 Hz is obtained.

that the integral gain

Kivde cannot be directly u  sed by the firmware routine . In fact,

execution frequency of the digital Pl , which is one o fthe parameters listed in the t

© 2017 How2Power. All rights reserved.
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K 35.79
# I '
Kiya,' =725 = Too0 = 0.03579
fPlctrl
(19)
I/O Feed -Forwards And Current -Reference G eneration
The low band width of the voltage loop may cause regulation problems when the main s voltage or load current

change s sudd enly. So,t he purpose of the I/O FFD block (Fig. 15)is to solve these problems by reduc ing the
system transient response time.

Vf_-"\-'_,-mm Ao |Sinfe)|
Loerk-1pe m

tithie
s i TADCH
Lpk_ref !

g tol_ref

Fig. 15. /O FFD block.

This is done by summing a portion of load current iff to the output of  the voltage PI regulator. This term

provides animmediate contribution to quickly change the peak current reference I;k_raf when a load step
occurs , as detailed in equation 20.

~x __ ~(PI) &
Lpk_ref = I'pk_ref * Lr
(20)
Then i;k ref is multiplied for a coefficient Kst which takes into account input voltage fluctuations with respect
to the nominal voltage. The input voltage feed -forward equation is
~
i .
pkref — 5. — "pkrefff
n
%
IN_nom (21)
From equation 21 it is clear that an increase in the RMS input voltage causes a decrease of Eﬂk_rﬂf and vice
versa. A pseudo -sinusoidal shaped current reference is obtained by multiplying ka_rgf and the output of a
look - up table :
~(ADC) __ . ’
l’to[-ref - l’pk_TefAMUL|51n(wt) |
(22)
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where the A -D converte r gain is taken into account as

~(ANALOG) _ (ADC)

tot_ref T tot_refASMED 023)

This current reference  is available as a PWM signal on pin 19 of the device soithasto be filtered by a proper
analog circuitin order ~ to be used as the reference of the current control loop.

Experimental Results

The described control concept was used to implement a 3-kW three -channe |inter leaved boost converter. The
following specifications were used for this prototype:

Input v oltage range,V v =90 to 265 Vac
Line frequency range, f = 47 to 63 Hz

Output power, P out= 3 kW (1.5 kW at 115 V)
Output voltage, V. our =400 V

Cycle -by - cycle regulation

1

1

1

1

1 Switching Freque ncy, f sw =111 kHz
1

M Inputv oltage and load feed -forwards
1

Phase shedding function

9 Number of interleaved channels, Nch = 3.
A picture of the 3 -kW three -channel interleaved PFC is shown in Fig. 16. The implementation achieves a powe r
density of 52 Wi/in 3 th anks to a compact layout and the small size of the magnetic components , Which are a

consequence of the interleaving effect and switching frequency selection.

Fig. 16. Implementation ofa  3-kW three -channel interleaved PFC.
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The STNRG PFO01 controller is placed on the vertically mounted PCB. The connector on the upper left hand side of
this board is used to program the controller. The programming and customization of the controller functions can
be done by using a dedicate software tool called E -design suite. [°]

The design parameters reported above can be used as inputs to the software together with other specific

parameters (mainly the ones reported in the table above ) such ascurrentand  voltage control -loop bandwidth.

In thisway ac omplete design is automatically generated including a schematic and bill of materials. The design
of both the analog and digital  controllers discussed in the previous sections of this article are provided as well.

Most importantly, ab  inary c ode customize d for the application input parameters is generated. This binary code
can be downloaded into the STNRGPFO01 through the programming port. By doing so, there is no need to write
and debug complex code and the development time is dramatically reduced.

The mai n waveforms of the converter o perating at full load in steady -state conditions when supplied from a
115 -Vac source are shown in Fig. 17.

ﬁ? TELEDYNE LECROY
Everywheroyoulook

Measure P dutv@iviC1l P2 dutv@iv(C2) P3:frealC2) P4 rms(C4 P5:rmsi(C3) PE. - Pliees P8---
§8.952 % 38.620 % 110865426471 kHz 190A 19%A
a n
Tbase 133 ms] [Trgger (NN
500 ma/dw]Stop 201V
5MS 100 MS/sfEdge Positive

v
et S Bt
500 Ardv) 5.00 Al 5.00 Aldiv
5.00A of 5.00 A ofs 5.00 A of s
The interleaving effect on the currents is clear. The PFC operate s in CCM condition having 120  ° of phase shift
between the phases. The master PWM sig nal is shown by the yellow trace and has a duty cycle of about 60%.

Fig. 17. Main converter waveforms in steady state.

The dynamic response of the converter can be appreciated in Fig. 18. The PFC i s initially unloaded with the dc
bus voltage regulated at 430 Vdc with burst -mode control. Assoonasa?2  -kW load is applied , the output
voltage is quickly regulated at the reference value corresponding to 400 V. The initial undershoot is effectively
reduced by t he load feed forwar d action triggered by the load step.

© 2017 How2Power. All rights reserved. Page 17 of 24



POWER

HD w . W. Y Exclusive Technology Feature
LA Y &

Your Power Design Newsletter

DC Bus voltage o

ey

'y
Moasuro PIWIGEMCY)  P2WIdIN(C2)  P3:mean(C1) P4.0uty(C2) P7 P8 PG P10~ Pi1en- P12~
value bt - 5813mv -
status a a v A

InbUt current.

Fig. 18 . Load transient , fromnoloadto2  kW.

The PFC interrupts the  burst m ode to meet the load requirement and when the load is disconnected it returns to

burst mode asitis possible to noticein F  ig. 19. Thisd etails a transition from no load to 2 kW and backtono -
load operation.
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Fig. 19 . Load transient , from noload to 2 kW to no load.
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Fig. 20 shows a similar transient response when the 2 -kW load is suddenly applied while the converter is not
operating in  burst mode as a 400 -W load is already supplied. A 10% to 100% (and 100% to 10%) load
transition is highlighted in Fig. 21. The PFC is supplied directly from the ac grid at 230 Vac. The dynamic

response is fast and the dc bus voltage is tightly regulated a t the reference value

Fig. 20 . Transient response , from 0.4 kW to 2 kW to 0.4 kW.

Fig. 21. A 10% to 100% load transition with 230 -Vac input; load current (blue), input current
(yellow) and bus voltage (green)  are shown .
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