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Introduction

The STEVAL-ISA172V2 evaluation board is a high power AC-DC converter designed for
telecom systems. This type of application requires high efficiency over the entire load range
of operation and across the universal mains input voltage range. Given the demand for
more efficient, compact solutions, their design is becoming more challenging and new
conversion approaches, rather than the standard designs based on analog ICs, have been
investigated. In particular, while the standard approach is based on the use of a boost type
PFC and a regulation stage, both of which controlled using analog PWM controllers, the
new, fully digital approach relies on the use of microcontrollers to control both the PFC and
the DC-DC stage. This approach is increasingly being used for high density, high efficiency
power electronics systems.

Figure 1. STEVAL-ISA172V2 evaluation board

This application note focuses on the design of a 2 kw AC-DC switch mode power supply
with full digital control based on the STM32F334C8 microcontroller. The system consists of
two power stages: an input interleaved power factor corrector (PFC), controlled by an
STM32F334C8 and a regulation stage implemented with a phase shifted full-bridge with
zero-voltage-switching (ZVS) PWM, and synchronous rectification (SR), controlled by a
second STM32F334C8 microcontroller. Operating principles, main features and design
choices are discussed. Details regarding the main components used for the implementation
of both the power and control stages are also provided.

DoclD029182 Rev 1 1/74

www.st.com


http://www.st.com

Contents AN4856

Contents
1 SYStEM OVEIVIEW . . .t e e 4
2 Interleaved PFC . ... .. 7
2.1 Interleaved PFC overview ... ....... ... 7
2.2 Interleaved PFC design . ... i e 8
221 Boost inductors selection .. .......... . . 8
2.2.2 Semiconductor selection . ............ . . . 9
2.2.3 Output capacitor . ... ... . 11
224 Input filter capacitor . ........... . . . . 12
2.2.5 Current sense transformer . . .. ... ... . .. 12
2.3 PFC control algorithm . . . ... ... . e 13
2.4 PFC firmware OVEIVIEW . . ... ...t e 16
2.5 PFC experimental characterization ............................. 21
3 DC-DC full bridge phase shift converter . ....................... 24
3.1 Full bridge phase shift ZVS DC-DC converter overview ............. 24
3.2 Description of the topology . . ......... .. 24
3.3 ZVS consSiderationS . ... ... 35
3.3.1 ZVSforlaggingleg . ........ ... 36
3.3.2 ZVSforleadingleg ......... ... . . ... 38
3.4 Full bridge ZVS DC-DC converterdesign . ..........c.c.uuuueeee... 39
34.1 Transformer turns ratio calculation ............................ 39
3.4.2 Primary MOSFETS ... ..o e e e e e 40
343 Resonant inductor L, calculation ................ ... ... ... ..... 40
3.4.4 Dead time . ... 42
345 Active clamp ... ... 44
3.4.6 Outputchoke .. ... . 50
3.4.7 Output capacitor . ... ... . e 51
3.5 DC-DC converter firmware and control algorithm overview ........... 51
3.6 Synchronous rectifier MOSFETS (SR) ............ .. .. 56
3.7 DC-DC experimental characterization ........................... 58
4 CooliNg SYyStemM .. .. 59

2174 DocID029182 Rev 1 ‘Yl




AN4856 Contents

5 Board characterization .......... ... . . . . .. 60
6 CONCIUSION . .. 61
Appendix A Schematic diagrams . .......... ... 62
7 Layout considerations .............. . 69
8 Bill of materials ......... . . . . . 70
9 References . ... .. 71
10 WarNiNg .. e 72
11 Revision history . ... 73
IS72 DoclD029182 Rev 1 3174




System overview AN4856

1

4/74

System overview

In Figure 2 is shown the block diagram of the 2 kW D-SMPS. A two part architecture digitally
controlled by two 32-bit STM32F3 microcontrollers has been implemented.

The first one consists of an interleaved PFC while the second one is a DC-DC full bridge
phase shifted PWM.

Figure 2. Block diagram of the STEVAL-ISA172V2 system architecture
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The main blocks, from left to right, are: the EMC filter and the input rectifier, the 2-phase
interleaved PFC and full bridge DC-DC with synchronous rectification.

The double stage EMC filter is connected to input rectifier bridge diodes of the PFC and it is
housed in a special shielding case to mitigate electromagnetic interference on the filters.

The front-end stage of this 2 kW AC-DC switched mode power supply (SMPS) consists of
an interleaved PFC topology: two parallel boost converters are driven in an interleaved
(180 phase shifted) manner in order to split the total current and to reduce the high-
frequency ripple of line and DC link capacitor currents. Therefore this topology has the
advantage to reduce the volume of input inductor and the size of output filter capacitor
increasing the converter power density.

The input stage is typically controlled using an outer voltage loop for bus voltage regulation
and an inner control loop to shape the current according to a sinusoidal waveform. The
outer loop adjusts the current reference in order to maintain a regulated bus voltage
independently from the load or input voltage variations. The output isolation and regulation
stage is implemented using a DC-DC zero voltage switching full bridge topology operated
with fixed frequency and phase shifted PWM.

The DC-DC stage performs voltage step-down using an HF transformer with a primary-to-
secondary turns ratio chosen to maintain good efficiency and regulation in the entire
operating range. The transformer is supplied with a voltage whose average value depends
on the phase shift of primary side active switches. On the secondary side this voltage
waveform is rectified and then smoothed by the output filter. While on the primary side
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switching losses are reduced thanks to zero voltage switching (ZVS), on the secondary side
synchronous rectification (SR) is used to ensure low conduction losses. The overall effect of
these design choices is high system efficiency, in line with the stringent requirements of the
power supply industry.

The system is controlled by two STM32F334 microcontrollers: one for the primary side
(PFC) and one for the secondary side (DC-DC). Primary microcontroller unit (MCU) controls
the first stage by sampling of current of the two MOSFETSs, the input AC voltage and the
output bus voltage. Two PWM control signals are then generated to drive two power
switches with a proper duty cycle given by control loop.

A second STM32F334C8 microcontroller is used to control the DC-DC stage, adjusting the
phase shift and ensuring stable operation in the overall load range. Additional PWM signals
are used to drive, respectively, the SR and active clamp MOSFETs. Furthermore, two
channels of ADCs are used to sample the rising and falling edges of the drain-to-source
voltage on the SR MOSFETSs.

The two microcontrollers exchange information about the status of the input and output
power stage via bidirectional serial communication. Both the power stage and control stage
are supplied by an offline flyback circuit based on VIPER27H which provides a suitable
regulated voltage to the microcontrollers, the gate drive ICs and signal conditioning circuits.

Table 1 summarizes the main specifications of the 2 kw AC/DC D-SMPS.

Table 1. 2 kW AC/DC D-SMPS converter specifications

Parameter Value
Input AC voltage 90 VAC upto 264 V AC
Input AC frequency 45 Hz up to 65 Hz
Output voltage 48V DC
Max output current 42 A
PFC output voltage 400V DC
Output power 2000 W
PFC switching frequency 60 kHz
DC/DC switching frequency 100 kHz
HF transformer isolation 4 kv
Cooling Forced air with speed modulation
Input short circuit protection 25 A fuse
Input overload protection Managed by primary STM32F334C8
Input under/over-voltage Managed by primary STM32F334C8
Input under/over-frequency Managed by primary STM32F334C8
Bus DC under/over-voltage Managed by primary STM32F334C8
Output under/over-voltage Managed by secondary STM32F334C8
Over-temperature protection Managed by primary and secondary STM32F334C8
Output over-current protection Managed by secondary STM32F334C8
DoclD029182 Rev 1 5/74




System overview AN4856

6/74

The converter accepts universal input voltage and produces a 48 V regulated output. The
continuous power rating of the unit is 2 kW.

A cooling fan is activated to provide forced air cooling with air flow modulation depending of
the load power. The ambient operating temperature range is from 0 Cto 50 C.

The intermediate high-voltage DC bus is regulated at 400 V by the PFC which draws
sinusoidal input current from the AC input maintaining high power factor and low current
total harmonic distortion (THDI%). The DC-DC circuit converts this high DC voltage to low
DC voltage providing isolation (4 kV), by means of an HF transformer, and high efficiency
thanks to ZVS operation. Protections on input/output current and input/output voltage are
also provided together with over-temperature detection.

Warning: Any replacement of switching devices in the evaluation
board with other types requires fine tuning of all driving
signals. This is true for the PFC as well as for the DC-DC. Do
not change any switch device without firmware fine-tuning of
the involved signals, as simply replacing devices may cause
the board to fail or overheat. Any replacement requires a high
level of expertise on the system. For high voltage and high
power, always use a Plexiglas protection on the board while
avoiding obstruction of the air flow from the fan.

3
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Interleaved PFC

For high power applications such as the 2 kW D-SMPS evaluation board, an interleaved
PFC is often used to reduce line current harmonics. The two phase interleaved power factor
corrector even allows to reduce the size of input and output capacitors to filter the current
ripple as well the inductors, increasing the power density of the converter. This benefit is
obtained thanks to the current ripple cancellation using two boost converters in which it is
possible to have a larger ripple current for each inductor if compared with a single PFC
inductor.

Interleaved PFC overview

Figure 3. Interleaved PFC main circuit topology
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The interleaved PFC circuit includes a line bridge rectifier device and two boost converters
as shown in Figure 3. This illustration shows also the main measurements sampled and
used by the microcontroller in control algorithm for bus voltage and input current regulation.

The complete schematic is shown in Appendix A: Schematic diagrams.

The total input current ripple can be considered as the results of a ripple cancellation
because Q1 and Q2 in the average PFC control loop are driven with a phase difference of
180 . The cancellation is related to the duty cycle value, and the maximum cancellation for
the two phases is obtained when the instantaneous duty is equal to 50% for both devices.

Since the circuit is designed for wide range input lines (90 Vac up to 264 Vac) the maximum
line current ripple is obtained in the presence of low line voltage when the highest current is
present.
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Interleaved PFC design

The following table reports the main specifications for the PFC converter, while the
dimensioning of passive components and power switches are addressed below.

Table 2. PFC design specifications

Parameter Description Min. Typ. Max. Unit
VN Input voltage 90 120/230 264 \Y
VouTt PFC bus voltage 375 400 425 \Y,
Fin Input voltage frequency 45 50/60 65 Hz
Pout Output PFC power 2150 w
Fsw Switching frequency 60000 Hz
DL maxs Maximum inductor current ripple 30 %

Boost inductors selection

Starting from specifications reported in Table 2, the value of L1 and L2 inductors are
calculated as follows.

The minimum instantaneous duty cycle dgyiine @t minimum input voltage peak is:

Equation 1

5 _ Vout - Vin_lowline‘/z _ 400 — 90\/2
lowline — v . = 400
ou

If we define K(8) as the ratio between the input current variation and the variation of the
current on the single inductor in a two phase interleaved PFC:

= 0.683

Equation 2
K(8) = Aljypye /AL, = (1 —28)/(1 - 9) for 5<0.5
K(8) = Alippy /AL = (26 — 1) /6 for6>0.5
We can calculate K at 6=0.683:
K(0.683)=0.53

Assuming as maximum output power of the PFC the nominal output power of the D-SMPS
divided by an estimated minimum efficiency of the DC-DC converter (93%), the maximum
peak current variation on a single inductor, for a maximum imposed ripple of 30%, is:

Equation 3
0.3 Poyt max V2 0.3+ 2150 V2 _

Al = ~
: Vin_lowli‘ne n K 90-0.96-0.53

Once the A is obtained, the minimum inductor value for each boost converter is given by:

204
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)

Equation 4

[1=12> Vin_ towtine Slowline\/z _ 90 0.683 - V2 — 73 uH
Al fow 2060000
A 140 H Sendust ui60 inductor with 15 A RMS satura tion current has been selected. The
oversized inductor value has been chosen to ensure the minimum calculated inductance at
maximum RMS current according to the diagram in Figure 4:

Figure 4. Inductance variation versus RMS current
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Figure 5. Inductor dimensional drawing
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Semiconductor selection

The choice of power semiconductors is fundamental to meet the efficiency requirements of
the application. In a boost PFC, when the switch is turned on its current is equal to the
inductor current.

The peak inductor current, for the average current mode control, can be calculated using
Equation 5.
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Equation 5

Py V2 Al 21502 20
Lpeak = |57+ |'12=

— 4+ —|-1.2=334
2 Vin?lowline n 2 2:-90-0.96 2 )

While the RMS value on each switch is given by Equation 6

Equation 6

L Pout - 16 Viy towiine V2 _ 2150 - 16-90 V2 106 4
7 2v2- Vin_towtine * 1 31 Voue 2V2:90-0.96 3m - 100 e

When the switch is off, the drain-to-source voltage is equal to the output voltage. Therefore,
the MOSFET is selected with a rated voltage greater than the output voltage and rated
current greater than the maximum inductor current. To minimize conduction losses, it is very
important to use a power MOSFET with low drain to-source resistance in order to ensure
high efficiency. The output voltage value of the device is chosen according to Equation 7:

Equation 7
Vps = 1.3 VgouT = 520 V

To meet the design requirements, two STW48N60M2-4 N-channel power MOSFETs have
been selected for Q1 and Q2, respectively. This device is characterized by a minimum
breakdown voltage of 650 V and a maximum Rpgony 0f 45 m  at 25 C for each switch. The
total gate charge is 91 nC @ 52 A and Vpp = 480 V.

The equivalent resistor for each couple of switches will be 22.5 m | the parallel of the two
switches will decrease the static power loss.

Using a 4-lead technology it is possible to reduce switching losses, especially when the
power level and hence the current, are very high. In particular, the reduction of the on-
switching loss is always present and increases with the power level, while the drop in the
off-switching loss becomes more evident when the power level increases, as shown in
Figure 6.

3
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Figure 6. Switching energy comparison @ 1.5 kW and 2 kW, for MDmesh M5
MOSFETs in TO-247 (3 pin) and MDmesh M5 MOSFETSs in TO247-4 (4 pin)
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For further details, refer to application note AN4407.

The average current on diodes D1 and D2 can be calculated as:

Equation 8

Poye 2150

= = =2.684
2V, 800

Iy

Two STPSC1006D 600 V, 18 A RMS, Qc = 12 nC, HV power Schottky SiC diodes are used
as boost diodes. The forward voltage dropis Ve <1V @ I=25Aand T =175 C.

2.2.3 Output capacitor

The output capacitor bank value is selected to limit the output voltage ripple to 1.5% of the
nominal output voltage. The DC-link voltage can be written as in Equation 9.

Equation 9

vO = VO i Avo
Where the ripple Avugy depends on the output capacitor Cg;, on the output power P, and on
the angular mains frequency w, as specified in the following formula:

Equation 10
Ave = Pout
0 =
z'w'Cout'VO
Consequently the output capacitor value is:
Kkys DoclD029182 Rev 1 11/74
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Equation 11

Poue 2150 -
20 Avy-V, 2-314-6-400 "

Cout = 1426uF

Where the angular frequency w= 21f = 2*3.14*50 was calculated considering a mains
electrical frequency of 50 Hz. Four 450 V, 470 F e lectrolytic capacitors have been
connected in parallel on the PFC output. In addition, a 470 nF and 10 nF ceramic capacitor
with low ESR and ESL are connected in parallel to the DC-bus.

Input filter capacitor

The need for a high power factor introduces a limit on the maximum capacitance that can be
placed across the line. The maximum capacitance is a function of the maximum phase shift
that can be tolerated. This phase shift angle can be calculated using Equation 12:

Equation 12

6 = tan-1 (w "“Vin max " Ci )

I

Choosing a total of C;,, = 1.7 F the total displacement is less than 1, i n any case the PFC
controller is able to compensate it.

Current sense transformer

Figure 7. Current sense circuit
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The PFC is provided by three current sensing circuits: a shunt resistor and two current
transformers (CTs). The current flowing across each power switch is sensed by means of
CTs. These are placed between each boost inductor and the respective MOSFET. Due to
this placement, only the rising part of the inductor current is available to the control
algorithm. The current signal is always sampled at the mid-point of the gate control PWM
signal to detect the average inductor value, as described in control algorithm section.

The CT must withstand the peak current calculated in Equation 5. The selected current
sense transformer is the B82801C2245A200 from EPCOS which is characterized by a turns
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ratio of 200. The relation between the current of each MOSFET and the respective sensed
voltage acquired by microcontroller is given by the Equation 13:
Equation 13

v R29 " Ipsmax R201 200-10.6-vV2 1.5 61y
SENSEMAX " atio R201 + R34 200 1.5+47

If the average control loop is sampled at the mid-point of the gate control PWM
corresponding at the mid-point of the sensed current, then Vgenge max/2 = 1.80 V has to be
considered as input on the microcontroller s ADC.

2.3 PFC control algorithm

3

This section describes the digital interleaved PFC control method designed to work in
continuous conduction mode (CCM), that is when the inductor current remains above zero
for the full duration of the switching period. The control algorithm continues to work properly
even if, due to light load or when the mains voltage is near the zero crossing point, the PFC
converter operates in discontinuous conduction mode (DCM), when the inductor current
reaches zero before the end of switching period, thanks to the introduction of duty cycle
feed-forward control technique. This control method allows a good sinusoidal shape of input
current with a low total harmonic distortion (THD) and a power factor (PF) close to one in the
entire operating range.

The control algorithm is implemented for the 32-bit STM32F334C8 microcontroller from the
STM32 family, which is provided with 2 independent high-speed 12-bit ADCs, 3 ultra-fast
comparators and a high resolution timer (HRTIM).

As in the traditional average current control method, there are two different control loops: an
outer voltage loop, performed at twice of mains frequency, provides the regulation of bus
voltage at the reference value (400 V), setting the proper current reference, and an inner
current loop, performed up to 60 kHz that minimizes the error between the average inductor
current and its sinusoidal reference in phase with the mains voltage.

To obtain the measurement of average inductor current for each leg of the iPFC converter,
two current transformers (CT), placed above each switch, are used. The measurement of
interest in CCM is acquired sampling the switch current in the middle point of the PWM on
time, while in DCM it can be estimated with a proper correction factor.

With two different current feedback measurements, it is possible to perform an independent
current loop for each leg of the converter. Instead of the two CT, is also possible to configure
the firmware to use the total current that flows through a shunt resistor, thus performing a
unique current loop and driving the switches of the two legs with the same duty cycle.

A block diagram of the control scheme is shown in Figure 8.
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Figure 8. PFC control scheme block diagram
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A phase-locked loop (PLL) in the d-q reference frame was implemented to compute input
voltage frequency, amplitude and to assure the synchronization with the input current. The
mains voltage, together with the reconstructed 90 degree phase shifted waveform, is
transformed to d-q synchronous rotating reference frame using Park transformations with
estimated phase angle 8 from the PLL output. A PI controller is used to minimize the V4
component, while the mains electrical angle is obtained after a numeric integration and is
expressed in 16-bit integer format. The complete control scheme of the PLL is shown in
Figure 9, while in Figure 10 the PLL output compared to input voltage is shown.

Figure 9. PLL block diagram
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Figure 10. PLL output and input voltage
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In the control scheme a linear proportional-integral regulator (PI) is used for voltage control
loop. It provides the amplitude of current reference needed to reach the desired DC voltage
on bus capacitors. Maximum input current reference is set at 20 Arms, but it can be smaller
depending on input voltage and maximum input power set in the firmware (upper limit of the
PI1 voltage regulator is changed according to the input voltage).

The rectified sinusoidal current reference is obtained thanks to a look-up table in which are
stored the sinusoidal values in a [0, 90 ] range w ith 1.15 fixed-point format (1 bit for the
integer part and 15 bits for the decimal part). In this manner the current reference does not
depend on the input voltage distortion.

Through the implementation of PLL, it is also possible to shift the current reference to
compensate sampling delays and achieve a unity power factor.

The inner current loop is based on a PI regulator plus a feed-forward controller. The feed-
forward control technique is used to achieve a lower THD and to improve the transient
response reducing the output voltage overshoot caused by input voltage changes.

Therefore the total duty cycle applied at the MOSFETs of each leg of the iPFC converter is
composed of two terms: a closed loop term, the output of a standard PI regulator, and an
open loop, feed-forward term, common for both legs, which depends on the instantaneous
input and output voltage values. The input voltage value of the feed-forward term is obtained
by means of the same look-up table used to calculate input current reference.

The following describes how the feed-forward duty cycle has been calculated.
For a generic input sinusoid, the expression of the duty cycle for the boost converter in CCM
is:

Equation 14

Vi, |sin wt|

d t)=1-
cem(t) v,

where V, is the output bus voltage and Vj, sin wt is the mains voltage. However, the
previous formula, which depends only on open loop parameters of the boost converter, is no
longer valid when the converter operates in DCM, in which its behavior changes

3
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significantly, and cannot assure the bus voltage regulation against load changes. The
correct expression of the duty cycle when the average inductor current follows its reference
is:

Equation 15

2L
dpem(t) = |7 G- (1

Vinlsin wt|
Ts

Vo

with G¢=li, ref/Vin the desired input conductance of the converter, L the value of boost
inductance and Ts the switching period. This formula is quite complex, depends on
converter’s parameters and implies errors due to the inductor tolerance. For this reason only
a fraction of the previous open loop duty cycle is applied, while the remaining part is given
by the output of the PI controller, with a greater contribution of feed-forward terms for light
loads compared to Pl output and vice-versa for high loads.

The feed-forward duty cycle term has been calculated using the following expression:

Equation 16

Vinlsin wt|

Vo
Where kg is a gain depending on the load and the input voltage and m is a correction factor
to improve THD.

The gain kg increases with load and decreases with input voltage. Since the output of the Pl
voltage regulator, which represents the input current reference, depends on the load, the
expression chosen for feed-forward duty cycle gain is the following:

Equation 17

1 in_ref

ker =k, -
r g Vi

where Vj, is the amplitude of the mains voltage, |t is the amplitude of the current
reference and kg is another gain that varies with input voltage.

PFC firmware overview

The PFC control firmware allows the regulation of bus voltage and input current. To achieve
this aim and design the control logic, a state machine made up of seven states was
implemented. The scheme in Figure 11 shows graphically the architecture of the state
machine and the execution of the main tasks.

3
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Figure 11. PFC state machine
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At power-on of the system, the HAL (Hardware Abstraction Layer) library is initialized and all
the peripherals used, such as Systick, ADC, UART and HRTIM, are configured while the
current state is set in PFC_IDLE state. Here the system waits until the input voltage is in the
correct range of amplitude and frequency, information given by PLL when it is in steady
state. If the previous conditions are satisfied and no faults are detected, after a certain time
the NTC used to limit the inrush current is short-circuited by a relay and the new state is
PFC_INIT. In this pass-through state, the integral terms of Pl regulators are reset, the
control variables are reinitialized, the PM8834 gate driver is enabled and PWM outputs are
driven at minimum duty cycle. After this, the new state is PFC_START, where the bus
voltage reference value is linearly increased from initial value (set at the last sensed
measurement in the previous state) up to the reference value of 400 V in a fixed ramp-up
time of 3 seconds. When this procedure is completed, a dedicated flag is set and sent,
together with PFC status, via serial communication to the secondary microcontroller, so the
DC-DC converter can start to regulate the output voltage, while the new value of PFC state
variable is PFC_RUN. If in any of the above states a fault condition is verified, the system is
forced into PFC_STOP state, where all PWMs are disabled (also for DC-DC that receives a
proper serial message), and then it remains in PFC_FAULT state.

The possible faults are:
. Input voltage under/over frequency (f < 45 Hz; f > 65 Hz)
*  Input under/over voltage (Vi, <90 V AC; Vi, > 264 V AC)

. Bus DC undervoltage (290 V, only in PFC_RUN state)
*  Bus overvoltage (Vp,s > 450 V)

e Overtemperature (heatsink temperature > 50 C)

For input voltage frequency and amplitude checks, two buffers of five elements are used to
validate the respective last measurements: even if only a buffer value is out of range (with

3
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proper hysteresis), the corresponding fault is set and a user LED blinks a number of times,
depending on the type of error that has occurred. This state is maintained until the output is
re-enabled by software. When all faults have passed, the system is in PFC_WAIT state for 2
seconds before entering again into a PFC_IDLE state and restarting the entire procedure. In
Table 3 all fault error codes and the respective number of LED blinks are reported.

Table 3. PFC error codes and number of blinks

Fault Error code Number of LED blinks
PFC_NO_ERROR 0x0000 -
PFC_BUS_OVER_VOLT 0x0002 2
PFC_BUS_UNDER_VOLT 0x0004 3
PFC_MAIN_OVER_VOLT 0x0008 4
PFC_MAIN_UNDER_VOLT 0x0010 5
PFC_MAIN_OVER_FREQ 0x0020 6
PFC_MAIN_UNDER_FREQ 0x0040 7
PFC_OVER_TEMP 0x0080 8

When the PFC converter operates at light load, or when the load is abruptly disconnected,
the bus voltage can increase from its reference value. When it is greater than 430 V, but
lower than 450 V (overvoltage threshold), the PFC enters in burst mode: the HRTIM burst
mode feature is enabled by software: this means that the PWM outputs are disabled
(number of IDLE periods equal to burst repetition rate) until, when the bus voltage is below
400 V, the burst mode is disabled.

As described above, the control firmware performs several tasks, with different timings and
priorities to ensure both output voltage regulation and input current regulation. The main
tasks and functions are summarized in Table 4 together with the time scheduling and priority
level.

Table 4. Function names and tasks of the PFC firmware

Function Task Execution frequency | Priority
Current control loop 60 kHz .
HRTIM1_TIMA_IRQHandler() PLL 10 KHz High
Voltage control loop 2*fmains .
TIM7_DACZ_IRQHandler() Update control parameters (90-130 Hz) Medium
TIM6_DACL_IRQHandler() ggmgﬁgzg 3; xﬁg g;%‘l‘lf:gg 5 kHz Medium
TIM15_IRQHandler gggf;‘;igggnf;)a””els (for 4 KHz Medium
Fault checks
main() State machine i Low
Serial communication
LED blinking

3
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After the initialization of the peripherals and all /O ports used, the state machine is
performed in the main loop. In this loop the fault check function is also performed to ensure
that no fault conditions are present. As mentioned above, the last 5 calculated values of
voltage frequency and amplitude are checked, together with the bus voltage filtered
measurement, in order to verify that the mains parameters are within the converter specified
operating window. In this case the state machine can change from one state to another with
a timing established by specific counters, the decrease of which is managed by SysTick
interrupt every 1 ms. Each 500 ms, a serial communication task is also performed: a
message of two bytes is sent to the secondary microcontroller to communicate the PFC
status together with a message ID. The PFC status is obtained from error codes in Table 3
or-ed with a startup complete flag as least significant bit. These tasks have a lower priority
level compared to those executed in specific interrupts.

The update event of timer 6 (TIM6) schedules the computation of input voltage amplitude
and frequency. The first is calculated digitally filtering the peak values (positive and
negative) of input sinusoid detected thanks to PLL, but it can also be calculated as module
of input Park components. While, for the second measurement, the electrical angle given by
PLL is used to detect the beginning of the positive half-cycle of the mains voltage. For this
purpose, a counter is increased every 200 s until the current sinusoid period ends and then
reset. The mains frequency in 0.1 Hz is computed as a ratio between 10 times the frequency
of TIM6 (10*5 kHz) and the last value of the counter, obtaining a resolution around 0.5 Hz
when the input voltage is at 50 Hz. The calculated value is finally stored in the
corresponding buffer. Moreover, the offset value of mains ADC measurement is dynamically
adjusted with the average value of acquired measurements inside a single period; this
because it can vary slightly changing the input voltage.

The voltage control loop is performed at the update event of timer 7 (TIM7) the frequency of
which can be dynamically set at twice of mains frequency (information given by PLL), or set
at a constant value. Finally, timer 15 (TIM15) is used to schedule the update of the DAC
registers only if the user wants to monitor some normalized variables like current reference,
duty cycle, mains electrical angle, etc.

The STM32F334x high resolution timer HRTIM is used to generate the PWM signals to
drive MOSFETSs of both legs of the converter. The HRTIM is specifically designed to drive
power conversion systems. Its modular architecture can generate up to ten digital signals
with either independent or coupled waveforms with highly accurate timings (up to 217 ps
resolution) and allows control of most conversion topologies.

The HRTIM also has timing measurement capabilities and links to built-in ADC and DAC
converters. It features light load management mode and is able to handle various fault
schemes for safe shutdown purposes. The HRTIM can be partitioned into several sub
modules:

The master timer

The timing units (timer A to timer E)

The output stage

The burst mode controller

External event and fault signal conditioning logic
The system interface
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The HRTIM is configured as follows to drive iPFC PWM signals:

The master timer is used to trigger ADC1 and ADC2 and for synchronization of
Timer Aand B

Timer A is used to drive the first leg of the conv erter

Timer B is used to drive the second leg of the con verter
Timer A output (CHA1) and Timer B output (CHB1) have the same frequency of 60 kHz with
434 ps resolution (maximum possible resolution for a switching frequency lower than 70.3
kHz). However, the two PWM outputs have a different duty cycle, coming from the

corresponding current loop (if current transformers are used for current sensing), and are
phase-shifted by 180 . The HRTIM utilization for PW M generation is shown in Figure 12.

Figure 12. HRTIM utilization for PFC PWM generation
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The master timer update event (UE) and master CMP1 register (set at half of the PWM
period) triggers two injected acquisition sequences, respectively, for ADC1 and ADC2. The
first acquired channels of each sequence are those corresponding to the sensing of two CT
currents. In this manner, as mentioned above, it is possible to obtain the average current of
each inductor in CCM. The other acquired measurements are the input voltage, the bus
voltage, the shunt resistor current and the heatsink temperature. The utilization of the two
A/D converters is shown in Figure 13, while the HRTIM timing configuration is shown in
Figure 14.

Figure 13. PFC ADC utilization and acquisition sequence
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Figure 14. PFC HRTIM timing configuration
2.5 PFC experimental characterization
This section includes the validation results of the interleaved PFC section. It includes the
efficiency and power quality test results at different input voltage values and the main
waveforms of the PFC.
The power supply efficiency is measured at different mains voltages, namely 120 V AC and
230 V AC with load steps of around 250 W.
The efficiency was measured in the following conditions:
1. The board was supplied with an APS-3000 Adaptive Power System power supply.
2. The PFC output was connected to H&H 800 V/90 A ZS Electronic Load set in
continuous current.
3. Theinput and output voltages were measured directly at the input and output
connectors of the PFC section.
4. Input measurements were taken using the Yokogawa WT1010 digital power meter.
5. The power measurements do not take into account the power consumption of the fans.
6. The auxiliary power supply consumption is not included in these measurements (5.1 W
for PFC drivers and both microcontrollers), and will be taken into account for DC-DC
and overall efficiency measurements.
7. The board was tested at an ambient temperature of 25 °C.
8. For PFC, DPS 2 kW - Primary PFC STM32F334x v2.2 firmware was used.
The testing results are summarized in Table 5 and Table 6.
Table 5. Test results for 120 V AC input operation
VINVims) | InAms | PINW) | Vout (V) | lout (A) | Pour (W) | Efficiency (%) PF  [THD (%)
120.6 2 249 401 0.56 224.56 90.2 0.998 4
120.2 4.15 494 402 1.14 458.28 92.8 0.998 4.29
119.8 6,25 739 402 1.74 699.48 94.7 0.999 4.27
119.2 8.43 1017 402 2.38 956.76 94.1 0.999 3.39
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