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This project considerers that submodules (SMs) could be employed

is two distinct cascaded configurations: three—phasic cascaded H-

bridge in delta—connection (A—CHB)

and monophasic modular

multilevel converter with half—bridge SMs (HB—MMC).

The input parameters of this project are presented in Table 1.

Table 1 - Minimum specifications of the inverter.

Number of HB-SMs (HB-MMC — monophasic)

Parameter Symbology Specification
Arm/cluster current Istrms 7 A (rms)
. Vg . .
Grid voltage (A-CHB) ’ 220 V (line to line rms)
V
Grid voltage (HB-MMC — monophasic) gMMC 127 V (line to line rms)
Number of FB-SMs (A-CHB) Ny 4 (per cluster)
Numc

6 (per arm)
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Considering the modulation with injection of third harmonic, the minimum required dc-link
can be approximated by (30 % of margin to include voltage drop in inductors, grid voltage
variation, deadtime and current dynamics):

Vacmina = 1.3 X Vyp = 1.3 X V2 x 220 = 404.46V =~ 400V. (1)
Vaeminume = 2 X 1.3 X Vg yme =2 X 1.3 X V2 x 127 = 466,97V ~ 470V, @)

where V; yyc and V5 are the grid voltage peak values.
In such conditions, the maximum voltage per SM is given by (10 % of ripple and 10 % of

overshoot — 20 % of margin):

V ; 400
Vsm,max,A =12X —deming _ 1.2 x T ~ 1207V, 3)
Y
V, ; 470
Vosin e = L2 % % =12x——~94V. @

Considering a utilization factor (f,,) of the semiconductor devices of 60 %, the minimum
voltage class for each case is given by:

Vsm,max,A _ 120

Vstan = 06~ 200 V. )
Vsm,max,MMC 94
Vstammc = T =06 ~ 156.67 V, 6)

In the design, semiconductor devices with blocking voltage higher than 600 V are
considered. Under such conditions, the dc-link voltage can be increased until 450 V. This fact
can be useful to validate fault tolerance strategies (increase the arm voltage). Furthermore, the
full bridge can be used in other projects for PV applications. In addition, for voltage rating
higher than 600V there are IGBT commercially available. Moreover, to guarantee this
applicability, the thermal design considers a switching frequency of 20 kHz.

The peak of cluster/arm currents is computed to help in the IGBT pre-selection. Thus,

considering Table 1, the peak current in each cluster/arm is given by:

Iyt = V2t pms = V2 x 7 = 10 A. %)

In order to increase the range of operation safety IGBTs part numbers with current rating

higher than 15 A are taken into account.
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Following the conclusions and considerations of last section, the semiconductor devices
realization possibilities are investigated. Therefore, it is considered semiconductor voltage class
higher than 600V and forward current in range of 15 A to 30A, in which 20 kHz switching
frequency is supported.

Discrete devices are chosen, due to the facility of maintenance. In addition, Silicon IGBT
of Infineon manufacturer are investigated due to the facility of test of these technologies on the
manufacturer web site [1]. Moreover, package TO-220 and TO-247 are prioritized. Table 2
presents IGBT Infineon possibilities which fulfil these considerations.

Each Discrete IGBT is simulated in the manufacturer website [1] [2]. The simulation is
realized in PLECS environment, as presented on the schematic of Figure 1. This simulation
model includes thermal evaluation. For this reason, the power losses and junction temperature
are evaluated by this simulation. In the analyses, it is considered grid frequency of 60 Hz, grid
voltage of 220 V and grid current of 10 A. It is considered null thermal resistance (case to

reference) and reference temperature of 80°C, in order to simulate case temperature of 80°C.

Conkraller Modulakar

w_ref 5
v_de -‘

w_ref

Yy

O @~ +—()
FZE‘J FZEF |_ Rth; Electric Machine

-/ Reference Temperature

Figure 1 - Discrete IGBT Motor Drive Schematic [1].

Table 2 presents the power losses with different power factors (FP). The FP = 0 represents
the reactive power operation (STATCOM) and FP = 1 the active power operation (HVDC). For
the IGBTs evaluated, the junction temperature is lower than 116°C. AS observed in Table 2, the
IGBT part number [IKP20N60H3 presents the better tradeoff between power losses and unitary

cost in both operation conditions. Therefore, this IGBT is considered in this project.
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Table 2 — IGBT Infineon Evaluation [1] [2].

Power Losses|Power Losses| Price per unit
Part Number Voltage Class| Ic @100°C W) W) . 100 Distributor

V) (A) FP=0 FP=1 10 units units
IKP10ON60T 600 18 14,290 14,381 $1.68 $1.27 Infineon
IKP15N60T 600 23 12,997 12,782 $2.21 $1.62 Digi-key
IKP15N65HS 650 18 10,664 10,597 $2.11 $1.65 Infineon
IKP20N60H3 600 20 10,575 10,603 $2.28 $1.68 Digi-key
IKP20N60T 600 28 12,54 12,276 $2.51 $1.90 Infineon
IKP20N65F5 650 21 10,135 10,040 $2.39 $1.86 Infineon
IKP20N65HS5 650 21 10,403 10,368 $2.38 $1.81 Infineon
IKW20N60H3 600 20 10,575 10,603 $2.80 | $2.24 Infineon
IKW20N60T 600 28 12,540 12,276 $3.12 $2.50 Infineon
IKW30N60H3 600 30 11,294 11,208 $3.39 $2.56 Infineon
IRGB4062D 600 24 11,712 11,746 $4.3 $3.25 Infineon
IRGB4620D 600 20 11,942 11,536 $2.79 $2.10 Infineon
IRGB4630D 600 30 12,899 12,644 $3.61 $2.89 Infineon
IRGP4062D 600 24 11,716 11,752 $5.21 $4.17 Infineon

* FP = Power Factor.

In order to select the heatsink, the maximum thermal impedance surface to ambient is

computed, as follows:

R _ femTh g
sAmax — P — Reg
dissipated

®)

where T is the maximum case temperature in °C of the device as indicated by manufacturer.

T. =80 °C is considered in this design. Moreover, T, is the ambient temperature in °C. The rise

in temperature caused by radiant heat of the heatsink should be increased by a margin of 10-30

°C. In this design, T4, =40 °C is considered. Plissiparea 1S the maximum power rating of device

in Watts and R4 is thermal resistance of mounting surface.

According to [3], the approximate values of Table 3 are employed.

Table 3 - Thermal resistance of mounting surface [3].

Material Resistance (K/W)

Dry, without insulator 0.05 -0.20 K/'W

With thermal compound/without insulator 0.005—-0.10 K/'W
Aluminium oxide wafer with thermal compound 0.20 — 0.60 K/W
Mica wafer (0.05 mm thick) with thermal compound 0.40 - 0.90 K/W

For this project, the mica wafer is used. Thus, the resistance employed is R.4 = 0.40 K/W.

Therefore,

T, — T, 80°C — 40°C °C

~ Ra=—7%yw

RsA,max =

P dissipated w
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The heatsink choose should considered how it is represented in the manufacturer's
catalog. According to the manufacturer chosen for this project, all of its models had a
temperature of 75°C and a length of 4 inches. In this way, it is necessary to carry out conversions

to adapt to the catalog model.

Table 4 - Variation of thermal resistance with temperature difference [4].

A*C 75 70 60 50 40 30

Correction factor (1.000 |1.017 |1.057 |1.106 |1.170  (1.257

Considering the temperature correction factor of A = 40 °C, gives:

2.74°C/W °C

RsA,max(75°C) = T ~ 7.26 W (10)

Table 5 - Correction of thermal resistance for other heatsink lengths [4].

Length (mm) 10 20 30 40 50 70 | 100 | 150 | 200 | 250 | 300 | 400 | 500
correction factor | 3.05 | 2.21 | 1.82 | 1.59 | 1.43 | 1.22 | 1.04 | 0.86 | 0.75 | 0.67 | 0.62 | 0.54 | 0.49
Using the length correction factor to 40 mm, given by:
7.26°C/W °C
{59 ~ 4.57 W (11)

Rsamax 4" =

According to the calculations above, the chosen model selected HS4225 !

The system was simulated with different switching frequency and the maximum output
current which respect the maximum junction temperature of the IGBT selected, in order to
define the maximum SM operation condition.

The IGBTs were evaluated in half-bridge and full-bridge configuration, as illustrated in

Figure 2 and Figure 3, respectively.

! https://www.hsdissipadores.com.br/catalogo.pdf
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Figure 2- Half-bridge simulation. Figure 3 - Full-bridge simulation.

The design was tested considering different switching frequencies of each configuration, for
a maximum junction temperature of 120° C, as show in Table 6 and Table 7 for half-bridge and
full bridge configurations respectively. Tests were also made for the case of the full bridge
circuit with only the AC component, for different power factors. The results are being shown

in Figure 6.

Table 6 - Maximum output current with different PWM switching frequency for half-bridge

configuration.
Frequency Max. Output
(kHz) Current RMS (A) 135
0.5 13,50 13t
1 13,40 12551
=
2 13,10 o 127
=
8
3 12,75 Sl
2
S 4
4 12,50 S
o
105
5 12,25
10F
10 11,20
95 1 1 1 L 1 L 1 1 L
15 10.40 0 2 4 6 8 10 12 14 16 18 20
> Frequéncia (kHz2)
Figure 4 — Maximum output current as function of PWM switching
2 250 frequency.

Table 7 - Maximum output current with different PWM switching frequency for full-bridge configuration.

Frequency Max. Output
(kHz) Current RMS (A)

0.5 13,50
1 13,40
2 13,00
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Figure 5 — Maximum output current as function of PWM switching

frequency.

191l ——DC+AC

Mascimum Current (A)

2 4 6 8 10 12 14 16 18 20
Frequency (kHz)

Figure 6 - Maximum output current as function of PWM switching frequency for different current

components
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For this design, the nominal total power of the converters is given by:

Spmmc = 1gVy = 2UsermsVy = 2 X 7 x 127 ~ 1.778 kVA, (12)
Spa = V3I,V, = 3l rmsVy = 3 X 7 % 220 ~ 4.62 kVA. (13)

In addition, the maximum capacitor voltage is given by:

V, ; 400 4
Vemmaxa = 1.2><"ICI'VLA‘"'A x K = 1'2XT x5~ 160V, (14)
V, ; 470 4
Vsm,max,MMC =1.2x LrMZMC X K=12x% T X § ~ 125.33V, (15)
MM

where K is the voltage increase during redundant operation (1 failure for A-CHB and 2 failures
for MMC). For this reason, capacitor with voltage higher than 160 V are considered.

Moreover, the maximum rms ripple current in the capacitor can be approximated by [5]:

I 2 7-V3V2 |2
Leaprmsa = Eg p = T\/; = leaprmsa = 4.56 A (16)
I, 7-2v2
Icap,rms,MMC = Zg = 4 - Icap.rms,MMC = 4944 (17)

It is considered a ripple of 10 % and sinusoidal modulation. For the
cases of MMC the minimum energy storage requirement considered is

60 J/kVA, while for A—CHB the minimum energy storage requirement

is 30 J/kKVA.
The total required energy storage is given by:
Epoma = Wp X Sp =30 /kVAX 4.62 kVA = 138.6] . (19)

Therefore, the cell capacitance is given by:

2 Enom 2 x 106.68
Cume 2 : = >—>C> 290mF,
2N Vsin mmc 2 % 6 X (ﬂ) (20)
6
2E 2x 1386
Cr=> = > - C > 231mF.
SIZN (4%) (21)
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The SM voltage ripple estimated in this design is [5]:

s 58 mmc 5x 1.778 kVA
MMC = 5 s =
240V mmcVsmmmcCume 24 x 2160 x 1272 (4760'/) X 2.9mF
(22)
Soa 4.62 kVA
A = = N =
6V30gaVemaCs  6v3 x 2n60Hz x 222V 2 (4021/) x 2.31mF
V3 (23)
S = 2.84% (~ 2.84V)
This ripple is very low for the analyses desired in future experimental results.
SM voltage ripple of Sy = 10% is considered. Thus [5],
58 mmc 5x 1.778 kVA
Ry N —— 470V
WVgumcVemmucOume 24 x 2160 x 1272 (“45—) x 0,1
(24)
CMMC = 0,698mF
c Soa 4.62 kVA
A = = N =
6V30VgaVimads  6v3 x 2160Hz x 222 2 (40£V) x 0,1
V3 (25)
Cy = 0,656mF

The realization of this capacitance is made by 1 capacitor manufacturer EPCOS - TDK
Electronics of 680uF 200V Aluminum Electrolytic Capacitors Radial, part number
B43634A2687M060. This capacitor supports ripple current of 4.63A @100Hz at 60°C.

The capacitor chosen also provide the possibility to employ 4 capacitors in parallel for

supply the design of the previous subsection.
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Considering the 1 capacitor of 680uF in each SM for the topologies

MMC and A-CHB, it is possible to calculate the bleed resistor

considering converter power losses equal 0.5%.

For MMC, the power losses per SM are:
0.5 0.5
Sn,MMC X m = 1.778kVA X—= 8.89W = PMMC X NMMC X 2

100
Considering these losses, the bleeding resistance is:
P U R i 2005 54.05k10
=] = =] =] =] .
MMC e bMMC == 074

For A—CHB, the power losses per SM are:

0.5 0.5
Sna X Tog = 462 KVAX =05 = 23.0W = Py X Ny X3

Py = 1.93W

Considering these losses, the bleeding resistance is:
v R e 2V 20.73k0
=] = = — = =] .
Ry e bAT p, T 1.93

Commercial Resistor

(26)

27)

(28)

(29)

(30)

(€2))

For MMC and A—CHB, the commercial resistors which fulfil the

previous consideration are 56 kQ /1 W and 21 kQ / 2 W, respectively.

Nevertheless, in order to employ a unique type of bleeding

resistor, the resistor of R, =56 kQ /1 W is chosen. The discharge with this

resistor is given by:

571 =5R,C =5 X 56 k) X 680uF = 190s = 3minl0s

The power losses in both cases are:
v? 2002

P:—:—
R, 56x 103

= 0.71w

Percentage of losses for MMC:

P X Nymc X2 _ 857W

= = 0.489
SnmmC 1.778kVA %

Percentage of losses for A—CHB:
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PXNyx3 857TW

= = 0.189
Snn rozkva  O18%

Therefore, R, = 56 k2 /1 W is employed for both topologies.
Device suggestion: Metal Film Resistors Iwatt 56Kohms 5%, part number

PR01000105602JA100.
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7. HIGH FREQUENCY CAPACITOR
This capacitor is employed to filter the high frequency instabilities of the SM. This capacitor

must fulfil the voltage requirements of the SM. The capacitance stipulated is 1uF.
Therefore, a polyester EPCOS capacitor of 1uF/250V, part number B32522.
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8. BYPASS STRUCTURE DESIGN

Two protection devices were implemented which can guarantee fast reaction times (TRIAC)
and permanent SM by-pass with little losses (RELAY).

8.1 TRIAC

e A Triac is used for its ability to switch independent of the current direction;

e The Triac is controlled by an Opto-Triac;

e Since the maximum current output of the DSP is under 20mA and the LED in the opto-
triac (MOC3041) requires at least 15mA, a transistor was used to control the LED.

e A pull-down resistor is used at the base of the transistor in order to ensure that it will
not be turned on by Electro Magnetic Interferences (EMI).

For the SM bypass, the following TRIAC circuit is employed:

L
| |
"y

Figure 7 — Schematic of the bypass circuit (TRIAC representation).
Considering that the LED trigger current (I = I;gp) of triac driver photocoupler is 15 mA
and the maximum absolute value is 60 mA, the resistor R; is evaluated to ensure I, = 20mA.
Thus:

B iz ~ 20x1073

R1 = 175.(2 ) (34)

The transistor BC548 is used to guarantee a current gain of § = 110. In this view, the base

current 1is:

Ip=—=———=0.18m4 (35)

Once the base current was calculated, the resistor R, can be given by:
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_ Vpsp—Vsg _ 33-06
2T I T 0.18x 1073 (36)

The pull-down resistor is chosen based on typical values, in this work, Rz = 22 k{.
Moreover, the resistor R, is used to limit the gate current of TRIAC. According to [6], the surge
current in the gate can reach half the peak gate current (I;),). Thus, the resistor can be evaluated

by:

Vommar _ 120V _

R, > =
*= 05l 14 (37)

e An inrush current diode was placed in parallel to the relay, in order to protect the
transistor from the high inrush current which will appear at the turn off of the relay.

e Since the relay needs a higher current on the control side to be driven, as in TRIAC
design, a transistor was used,

e A pull-down resistor was used in order to ensure that the relay won’t be accidentally
turned on.

For the SM bypass, the following relay circuit is employed:

M

s 4 2 4

v

Figure 8 - Schematic of the bypass circuit (relay representation).

Considering that coil resistance of the relay (SRD-5VDC) is 70 2. The collector current

can be evaluated by:

[ = = = 68.57 mA
¢ Rcoil 70 (38)
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Therefore,

_Ig 6857x107°
IB—E—T—O.627’HA (39)
The resistor Rg is given by:
_ Wec—Vg) _ 5-03
I 0.62 x 1073

As defined in TRIAC design, the pull-down resistor is chosen based on typical values, in
this work, Rq = 22 k).
To indicate the bypass circuit operation, an LED with a current of 1.5 mA is chosen. Thus,

the LED resistor is given by:

Vosp = Viep _ 33-19
Iep 1.5% 1073

Finally, based in commercial values, the main evaluated parameters are shown in Table 8.

Table 8 — Parameters used in the bypass circuit.

TRIAC
R, R, R, R, TBJ TRIAC Driver
180Q | 15k0 | 22kQ | 1800 BC548 BT139 MOC3041
RELAY
Rg Rq Ry Diode Relay LED
10k | 22k | 1kQ | 1N4148 |RELE JZC —36F 104| Smm — 1omA
(red)

A varistor is also added to the circuit in order to protect against voltage transient. The

voltage capability of this circuit is 220V.

S~ S

Figure 9 - Varistor.
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9. GATE DRIVER DESIGN

When choosing a gate driver, different aspects were taken into consideration: built-in
insulation, half-bridge driving capability, easy dead-time implementation, driver disable
function and possibility to be used in a bootstrap configuration.

The IR2104 Integrated Circuit (IC) from International Rectifier, was chosen based on its
qualities. The floating channel is designed for bootstrap operation and can be used to drive an
N-channel power MOSFET or IGBT in the high side configuration. It can support up to 500 V

between driving outputs. As a general rule the local V.- decoupler capacitor is Cygp =

100 nF.
DBGDT N
Ve ——1 > i ]
l—v v —‘ - Rea | -f) T
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Figure 10 — Gate driver schematic (IR2104).

The calculations for the bootstrap circuit are done considering the switching frequency and
the gate charge of the IGBT. Considering the IGBT switch IKP20N65FS5, the total gate charge
is Q; = 48 nC. Moreover, a maximum allowed voltage drop for the driving circuit selected is
AVgoor = 0.2 V [7]. The minimum bootstrap capacitor is calculated as:

D
Q +Igpoor 7= 48 x 107 + (10 x 10-6@)
CBOOT = Swmin = 20 = 2.62 IJF ) (42)
AVpoor 0.2

where, I goor 1s the quiescent current of the bootstrap circuit, Dy,q, is the maximum duty
cycle and f, min @ minimum switching frequency. Iy poor = 10 pA is a typical value of
bootstrap current. A maximum duty cycle of D,,,, = 0.95 is employed. Since the power

converter can operate with electric drives, the minimum switching frequency chosen is

fsw,min = 20 Hz.
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The rule of thumb is to select a good quality ceramic capacitor with some reserve, usually
double the size is a good practice. For this circuit the bootstrap capacitor is a 4.7 uF ceramic
capacitor.

A Schottky diode is generally recommended as the bootstrap diode. For this, the average
forward current for selecting the diode can be estimated based on a maximum switching
frequency of 20 kHz as:

Ir = Qg X fowmax = (48 X 107%) x (16 X 103) = 0.960mA, (43)

The driving circuit needs to load the IGBT gate charge in order to open it, and most of the
times a gate resistance needs to be present in order to limit the current. The resistance can be
calculated based on the gate charge, the turn-on delay time and turn-on rise time. The equation
for the gate current is computed by:

Qc 48 x 1079

Ip = = =154,
“tyom ttr 19x107°+13 x 109 (44)

After this, considering the supply voltage (V) and the nominal current gate voltage (Vg5 ),

the on gate resistance can be calculated by [8]:

Vee — Vegcen 15—-4.8
RG,on = IG () = 15 = 6.8 -Q.; (45)

Furthermore, if dV,,;/dt = 1V /ns, the turn-off gate resistor is calculated as [8]:

Vee(th)min 52 = 640 Q

Rgofr < =
Goff = dVour (5% 10-12) x 10° (46)
gd(off) ~ dt

where Cgq(0rf) 1 the Miller effect capacitor, specified as reverse transfer capacitance Cpeg in
the IGBT datasheet.

The gate resistance can be employed as shown in Figure 10. In this case, the Rg; = Rg o
and Rg,n = Rg1//Rg2. Thus,

RGlRG,on

Rgy = 52"
G2 RGl - RG,on (47)

According to [9], the value of an optimized gate resistor will be somewhere between the
value indicated in the IGBT (R; = 32 Q). Moreover, in most applications, the turn-on gate

resistor R op 1s smaller than the turn-off gate resistor Rg ,rr. Depending on the individual

parameters, R ,rs can be roughly twice the R o, value. Therefore, the gate resistors can be

evaluated by:
Rg1 = R of7 > (48)
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Rgz = Rg1 = RG,off- (49)
Finally, based in commercial values and the margins in the evaluated values, the main

evaluated parameters are shown in Table 9.

Table 9 — Parameters used in the gate driver (IR2104) circuit.

Rg1 | Rz | Cpoor | Cvsp Diode

32Q | 32Q | 4.7 uF | 100 nF | 1N5817 — B
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10. CONNECTION OF GATE DRIVERS TO IGBT

In order to minimize stray inductance between the gate driver and IGBT module, the circuit

of Figure 11 is recommended [10].

GATE DRIVER

Les
m Re J
Ree
L;
- Coe T 10k %
m - * auxiliary emitter

Les

power emitter

Figure 11 - Gate Driver Connection & Stray Inductances [10].

According to [10], it is recommended that a 10kQ resistor (Rgg) be placed between the gate
and emitter. If wire connection is used, do not place the Rge between printed circuit board and
IGBT module. Rgk has to be placed very close to the IGBT module.

Moreover, the use of a suppressor diode (back-to-back Zener diode) between gate and
emitter is recommended. The diode has to be placed very close to the IGBT module. In this

project, two Zener diodes of 15V Vishay, part number BZX584C15-G3-08, are employed.

Furthermore, the use of a capacitor (Cge) between gate and emitter can be advantageous,
even for high-power IGBT modules and parallel operation. The Cgg has to be placed very close
to the IGBT module. The Cge should be approximately 10% of the gate-emitter capacitance
(Cge™) of the IGBT used. Considering the IGBT IKP20N60H3 datasheet and reference [11],
the Cge 1s given by:

P Cies — Cres _ 1100pF — 5pF _ 1068pF
GE ™ 10 GF T 10 - 10 - 10

= 106.8pF ~ 110pF (50)

where C;. is the IGBT input capacitance and C,. is the IGBT reverse transfer capacitance.
Therefore, in this project, a capacitor Kemet of 110pF, 50V, part number
C0603C111J5GACTU, is employed.
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11. CAPACITOR VOLTAGE MEASUREMENT DESIGN
Avago Technologies HCPL-7520 linear optoisolator was used in this project [12]. This

device has a linear transfer characteristic curve for the -200 mV to 200 mV input range, Figure

12. The input is differential, and the output is scaled to v: The gain is :;’;

. This single chip

. . v . . .
allows you to polarize the signal to %7, amplify and isolate it [13]. v,..; was setto 5 V.
HV+ y
FLOATING
(5 H B L1 POSITIVE
CiHiUIT SUPPLY
R4
—
D1 0.1 pF
51V T Vom
m T {Z] vine
C2 HCPL-7520
T 007 pF 2] Vin.
. - {#] GnD1

[

V-
Figure 12 - Recommended supply and sense resistor connections [12].
To measure voltage, the idea is to use a very large voltage divider to divide the vgysem =250
V for MMC or Vsysiem = 450 V for PV system down to level which can be sampled by the ADC,
given by:
pr o R
= 73 R, Vsvstem (51)
Performing the project for an MMC system the values of R; and R» are, respectively:
2.6MQ and 2kQ. Performing the project for a PV system the values of R; and R; are,
respectively: 2.6MQ and 1.1kQ. By assigning the values obtained above it is possible to
calculate the output voltage, vou, of the IC [13].
0.512

+ _ Vrer
Vin = Vref (vout— 2 ) (52)

205 Vrer + Vpep X 0.512
Vout = 2% 0512

(53)

Considering the MMC system, the output voltage of the HCPL-7520 will be equal to: vou
= 2.5 V (considering v;,=0V) and 4.45V (considering v;, =200mV).
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In this way, the voltage obtained at the HCPL-7520 output exceeds the DSP power limit
(3.3V). Thus, the solution adopted was to use TLV247X a subtractor-type operational amplifier

to reduce this scale, Figure 13.

My A
Rg RF

Veo
VREF <>
VouTt
w1 |

Figure 13 - Noninverting Op Amp [14].
Thus, when the output of the HCPL-7520 is equal to 2.5V, the output voltage of the op

I |_- A
Ta¥

amp will be 0. For a voltage equal to 4.45V, the output of the op amp is approximately 3V,

according to the equations below [15]:

Rp
vout = (UCC - vin)R_G (54)
( R, )(RF + RG> RF
Vout = Vi = Vref o
out in R, + R, R, ref R (55)
Vout = MV, + b (56)
{0=25m+b3=445m+b 57)

After determining the values of the gains m = 1.539 and b = -3.846, it is possible to

calculate the values of the resistances to be used, given by.

b = =vner (5) (58)

m= <R1 iz Rz) (RF IJ;G RG) (59)

The R and Rgresistors were established at 7.68kQ and 10kQ, respectively. In this way,
Ro = 51.1kQ (49.9kQ), and Rr = 7.68kQ. In addition, Vcc and Vrer = 5 V. After similar the

circuit in the software TINA - Texas Instruments?, the transfer curve for this circuit is shown in

Figure 14.

2 SPICE-based analog simulation program - TINA-TI - <http://www.ti.com/tool/TINA-TI >
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Vin- Input Voltage [V]
S = N W B~ U A
)

0 1 2 3 4
Vout - Output Voltage [V]

(a)

 j———VC_WED
—

l

I
20.00m

|
30.00m
Time (s}
(b)
Figure 14 - Circuit Measured Transfer Curve (VC_MED and VH_OUT are the output and input of op-

amp, respectively).

12. POWER SUPLY PROTECTION
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The main supply of the board is 5V. In order to protect the electronics from fluctuation of
the external power supply, over-voltage or inversing polarity of the supply, the circuit in Figure

15 is employed.

Figure 15 - Power supply protection.

In Figure 15, the Diode D3 is a fast recovery Schottky diode, rated for 30V and 3A, part
number CMSO1. It is placed there to ensure that if accidentally the polarity of the power supply
is reversed, it will provide a conductive path and help protect the electronics on the board. Diode
D9 is identical to D3 and its purpose is also to protect the board. In case of reverse polarity, it
will block the reversed voltage and together with D3 will protect the components. Diode Z10 is
an 5.6V Zener diode from Vishay, part number BZX384C5V6-HG3-08. In case the input

voltage will be higher than 5.6V it will clamp it, and protect the voltage regulator from

overheating due to the increased voltage.
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It i1s defined 5V as input voltage of the power supply system. Table 10 presents the

components which require power supply with the respective voltage level.

Table 10 - Components power supply.

Component Part Number Voltage supply Reference Current supply
Input Buffers SN74LVI1T34 5V DSP 4 x 50 mA
Optocoupler ACSL-6400 5V Full-bridge SM 10 mA
IGBT Gate drivers IR2110 15V Full-bridge SM 2x0.34 mA
Isolated Llln(e::ar Sensing HCPL-7520 sy Full—bg(égpe SM / 2% 16 mA
Bypass circuit TRIAC+Rele+LED 15V Full-bridge SM 2 mA

Considering the voltage levels above, 2 isolated dc/dc converters will be required according

to Table 11.
Table 11 - dc/dc converters
iEie Part Number Do Comments
converter Current

https://assets.tracopower.com/20200326110658/ TBA 1/doc
uments/tbal-datasheet.pdf

https://assets.tracopower.com/20200326110658/TBA2/doc
uments/tba2-datasheet.pdf

S5V/5V TBA 1-0511 | 200 mA

5/15V TBA 2-0513 | 130 mA
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The description of each pin of the Header connector of 14 pins is detailed in Table 12.

Table 12- Connector Header 14 pins.

pin |TMPUL (;’ /ro")“tp“t Signal Pin Input (;’/ro‘;“tp“t Signal
14 1 GND_DSP 13 1 BYPASS
12 1 GND_DSP 11 I GND_DSP
10 1 GND_DSP 9 1 PWMI
8 1 GND_DSP 7 I GND_DSP
6 1 GND_DSP 5 I RESET
4 1 GND_DSP 3 I GND_DSP
2 1 GND_DSP 1 I PWM2

The power supply connector MSTBAZ3 is detailed in Table 13.

Table 13 - Power supply connector MSTBA3.

Pin | Input or output (I/0) Signal
1 I 5V
2 I GND_DSP
3 I Board Grounding

The SM voltage measurement connector MSTBA?2 is detailed in Table 14.
Table 14 — SM Voltage measurement connector MSTBA2 (MED).

Pin | Input or output (I/0) Signal
1 o GND_DSP
2 (0] VC _MED

The connector of the points between superior and inferior IGBTs, called as MID1 and

MID2, are detailed in Table 15 and Table 16, respectively.
Table 15 — MID1 connector MSTBA2 (MID1).

Pin | Input or output (I/0) Signal

1 o MIDI1

2 o MIDI
Table 16 — MID2 connector MSTBA2 (MID2).

Pin | Input or output (I/0) Signal

1 o MID2

2 o MID2

The connector of the SM voltage, called as V_CAP is detailed in Table 17.

Table 17 — SM voltage connector MSTBA2 (V_CAP).

Pin

Input or output (I/0)

Signal

1

0)

V_CAP
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| 2 | 0 | V_CAP |

The connector of the SM reference, called as GND_ CELL is detailed in Table 18.
Table 18 — SM reference connector MSTBA2 (GND_CELL).

Pin | Input or output (I/0) Signal
1 o GND_CELL
2 o GND_CELL
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15. ASSEMBLED SUBMODULES

Five submodules of the first version were made and 10 more are being manufactured.

Figure 16 shows the top view of the finished submodule of the first version

Signal
conditioning
circuit

Bypass
o circuit

i |Jl’awcr|_|

supply

‘* ] ','::

Figure 16 -Board top view.
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