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Annotation

This work describes the design and construction of an electronic load intended for
testing power supplies up to a voltage of 100 V and a current of 40 A. This load operates in
constant current mode, which is processor-controlled to behave as a constant power or
constant current load . The details of the construction of this load and the technique to achieve
the required properties are discussed in the work, especially the ability to (permanently)

dissipate the large power loss arising from the load during the source testing.

Abstract
In this work, design and realization of an electronic load capable of testing power

supplies handling voltages up to 100 V and currents up to 40 A, is described. This load is
designed to operate in constant current mode which is driven by a microcontroller in such

a manner to simulate constant power or constant current load. The work deals with details of
construction of this load and techniques of achieving its demanded abilities, especially
solutions of (permanently) dissipating heat generated on the load in the process of power

supply testing.

Keywords
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List of used symbols and quantities

BJT Bipolar Junction Transistor, Czech bipolar transistor digital - analog
DAC converter

DA converter see DAC

EEPROM electrically erasable and programmable memory of the ROM type (read

only), in which it is possible to store e.g. calibration constants a type of

rewritable memory

Flash similar to EEPROM, which has
however limited number of overrides
GPIO input/output pins for any use
MOSFETs Metal — Oxide — Semiconductor Field Effect Transistor,
Czech metal-oxide-semiconductor field-controlled transistor
id identifier
IGBT Insulated Gate Bipolar Transistor, Czech bipolar transistor with an

insulated gate

ICE Light Emitting Diode, light-emitting diode
N-FET field-controlled N-channel transistor
NPN bipolar transistor composed of semiconductor layers

about the NPN arrangement

P.l see PID, but without the derivative component
SPAN proportional — integration — derivative controller
PNP bipolar transistor composed of semiconductor layers

about the arrangement of the PNP

Sleep Serial Peripheral Interface, serial interface for connection
processor and peripherals

SWD Single Wire Debug, programming and debugging interface

STM32 processors

(AND) electricity
AT (IN) voltage
P (w) performance
t (°C) temperature
R ) electric resistance
hFE ) current amplification factor
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1.1 Introduction

The goal of the work was to create a load capable of testing sources for voltage up to 100 V and
current 40 A. Due to the fact that the load works with large currents and large power losses (up to units of
kW), it was necessary to focus on the design of the device with these specifics in mind . PCBs and all wiring
are resistant to the electromagnetic field caused by the large currents present and possibly their ripples. It
was necessary to ensure that any wiring and control electronics were as small as possible and that they
could not lead to failure or §Hfife to the entire devitesFurthermore, it way frcessary to solve the problem
of dissipation of power loss in the form of heat and to ensure protection in case of insufficient heat dissipation,
so that failure or damage of the load due to exceeding the permissible temperature of the power elements

could not occur.

1.2 Device concept

The load is constructed from functional blocks that have a precisely defined, delimited
and overall function, so that it is possible in case of detection of deficiencies of one block or its failure
easily replace it with another module. This is particularly advantageous in the design and testing phase
designed parts of the device, because it is possible to make changes in the connection more easily (it is not
the need to always remanufacture the entire device, only the changed module). There are also power blocks
for example, can be easily used as teaching aids or as several separate loads,
because require only power supply
and communication with the control unit using a simple protocol. This approach is advantageous
even within the device itself, as it can be scaled as needed so that when detected
insufficient maximum current or power load, just add more modules,
thereby increasing the capabilities of the entire device without the need for other modifications. When constructing the whole
device as a whole, the resulting device could meet the set requirements exactly, but in the event of a change
in requirements or the need to modify the device's function,
could show that such a modification would be so difficult that it would be less demanding to redesign the

entire facility to meet the new requirements.
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2.1 Theoretical preparation of function principles

The division of the device into functional blocks was chosen for the design. The device is divided

according to the following drawing:

Displej, kontrolky a tlacitka

Napajeni Blok fizeni a uzivatelského rozhrani

N

Napajeci zdroj 230 VV/ 12 V

Napajeni + sbérnice SPI

Blok zatéze ¢&. 1 Blok zatéze €. 2 Blok zatéze €. 3 Blok zatéze N

Silové rozvody

Vyvody pro pripojeni zat&Zovaného zdroje

A

ZatéZovany zdroj

Figure 2.1: Principle arrangement of power load

By dividing it into modules, we gain an advantage — individual load blocks can be connected in
parallel and easily increase the range of currents and powers with which the load can work. An important
feature of the load blocks is that they behave as a so-called current sink, so if they are connected in parallel,
the same current will flow through them all and the power will be distributed evenly between the individual

modules (provided that only negligible voltage drops occur on the power distributions between individual
blocks).

If the loads worked on the principle of constant voltage, it would be much more difficult to achieve
an even distribution of power. For this, it would be necessary to measure the current through the individual

modules and balance them against each other. In essence, this is a similar problem as when connecting

ideal voltage sources. In the case of such a construction, it would easily happen

10
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to the fact that all the current would flow through one module and none through the others, which it could have
destructive effects. Any such load would have to be rectified so that the same would flow through it

current like the others, which brings us back to the principle of current load. In addition to appearance

to the fact that all load modules would have to communicate with each other very quickly (that is, each

module with all others), the complexity of such a

solution.

A possible solution would be to connect voltage loads in series. The disadvantage of this solution would
but it was that the minimum voltage from which the load works would increase N times. This tension
varies according to the technology on which the load is built around 1 V — 3 V [1], [2]. required for full load
function. It can thus easily move in the order of tens of V when using a larger number of modules. This
limitation is given by the physical principles of the semiconductor function (and the loss in the measuring
resistance) and cannot be improved in any way. Another problem with this solution is that a fault on a single
module would overload the other modules if the faulty piece were to short out. In the event that the flow of
current would suddenly be interrupted due to a defective piece, the current would stop flowing through the
loaded source immediately. In the first case, there would be a risk of damage to the load, in the second
case, there could be an overshoot of the voltage on the loaded source, which could cause damage to the
measuring circuits of the devices that measure the voltage on the loaded source.

For these reasons, the method of measuring voltage and loading with current tunnels was chosen.

Due to the intention of using this load for testing power supplies, the load supports 2 modes of
operation - constant current mode and constant power mode. By modifying the software, it is possible to
adjust the load for other function modes, e.g. constant voltage mode (the load maintains the set voltage at
its terminals), constant resistance mode, or pulse mode. However, these modes usually do not provide
relevant information when testing resources, so they are not implemented in the firmware. The reason is
that in constant voltage mode, only the behavior of the source can be tested in the working area, where it is
overloaded and its output voltage decreases under load. Hard sources cannot be tested this way at all. In
addition, the constant resistance mode does not provide any information against the constant current mode,
it only complicates the measurement of the source parameters, since it is necessary to write exactly 2
measured
variables — current and voltage (in constant current mode, current is a parameter, so we have to write
just one measured value), eventual one add up
from the other. Impulse mode can only provide very rough information about stability
loaded source [3]. A real stability test needs to be tested with a generator
connected to the feedback of the source and the vector voltmeter. So only those are implemented

the most useful two working modes. Other possible modes can be taken from [4].

11
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3.1 Current load block

The basic principle on which the current load block is based is an analog regulation loop

ensuring the maintenance of the set current. The principle block diagram is indicated

in the drawing:

Silovy vodi&

+

: : : . Ridici napéti
Testovany zdroj Vykonovy prvek

A

Napéti méfené na boéniku

Bocnik

Invertujici integrator
Zesilovac Vystupni buffer

Silovy vodi¢
DAC

Figure 3.1: Principle diagram of the current load block

3.2 Explanation of the basic principle of the function On the shunt,
the current is measured as a voltage drop [5]. This tension is amplified by the appropriate

by a differential amplifierl with a defined gain, then fed to a differential amplifier, where it is
compared against the control voltage from the DA converter, the result is fed to the inverting
integrator, and the resulting voltage is fed to the control electrode of the transistor. Behind the
integrator there is a voltage monitor (buffer), the purpose of which is to separate the integrator from
the power element. A MOSFET-type transistor is used as a power element in this design, which is
controlled by voltage, but from the circuit point of view (simplified) it appears as a capacitor
connected between the control electrodes [6]. Thus, the integrator could be current-stressed or
overloaded during rapid changes in the voltage at the output, which could lead to unexpected and

poorly simulated behavior of the control loop. The output buffer prevents this phenomenon.

It is therefore a simplified Pl controller [7], which has a zero sum coefficient for the
proportional and derivative components. Since we know the nature of the controlled system (for the
working area of the load it is a MOSFET connected in common collector mode), there is no need to
use these components. The derivative component is not necessary because the transistor cannot
overshoot in this feedback circuit. The proportional component does not make sense to use,

because the dependence of the current flowing through the MOSFET on the control voltage is

1 The amplifier used should have as little voltage offset as possible. However, the demands are not so high that it is necessary to use zero-
drift or chopper-stabilized amplifiers. Commonly available precision OZs, for example OP07, OP27 and the like, are suitable for this purpose.
However, unipolar OZs are completely unsuitable for this use, as they normally have an input voltage offset of about 2 orders of magnitude
larger. OP07 was used in the connection for suitable parameters, low price and good availability

12
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quadratic. Only a linear system can be controlled by the proportional component, using it here would
either it was not capable of independent regulation (the linearity error would have to be compensated by the integrator)
or it could cause regulation instability in the form of overshoots, especially at high

frequencies where the integrator would no longer be able to compensate for its behavior.

The reason for using the amplifier in the shunt is the fact that for the smallest possible power
loss, it is necessary to choose resistance of small values (on the order of tens to hundreds of my). On such a small one
resistance then there is a small voltage drop (when using a 10 my shunt there is a voltage drop
10 mV/A). Therefore, this voltage needs to be amplified to a greater level to be able to handle it more easily
work. OPO7 operational amplifiers with a small voltage input offset [8] are used instead of the input amplifier and the
error amplifier, which minimizes the measurement error.
For these circuits, the size of the input voltage offset is typically 30 yV, maximum 75 yV [9].
This offset corresponds to a measurement error of 3 mA for this connection, or 7.5mA. Although operational amplifiers
with a smaller offset are also produced, e.g. [10], [11], [12], [13], their price is currently several times higher than that of
the OP07, moreover, it is usually only a selected variant of the given circuit from the best produced pieces, while retail

chains mainly offer cheaper variants with a larger offset, which are 4x - 10x more expensive than OPQ7.

Special zero-drift or chopper-stabilized amplifiers are disadvantageous for large output noise and low frequency unity

voltage gain [14], as a result of which the control loop would be very slow.

The shunt is connected so that it is connected between the source of the power MOSFET (N-type) and the
loaded source. The power MOSFET is connected so that the source is connected to the local ground of the load block
(each block is floating and isolated from the rest of the device). This connection simplifies current measurement - the
measured differential voltage is not superimposed on any DC or AC source, thereby limiting the number of problems
arising during measurement, especially the penetration of the positive component of the measured voltage into the
output voltage. Given that the source voltage can be up to 100 V and the measured voltage is in the order of hundreds
of mV, this is a significant limitation of measurement errors, especially errors caused by the tolerances of components

in the connection of the differential amplifier. In addition, the current flowing through the control electrode at

when the control voltage changes, it closes through the local ground, so it has no effect on the measured value

current.

13
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3.3 Choice of power element
Applicable power elements include: BJT NPN, BJT PNP, N-Channel MOSFET,

P-channel MOSFET, IGBT.

An N-channel MOSFET was chosen as the power element for the load. Other technologies

were excluded based on worse parameters or higher price.

The reason for not using BJT PNP and P-channel MOSFET are worse parameters than for N elements,
mainly because of the lower electron mobility of P semiconductors [15]. As a rule, with the same dimensions and

price, they tend to have a smaller permitted emitter/source current and a smaller power loss.

The BJT NPN was not used for example due to the small current gain. Transistors for the required powers
usually have a current gain of hfe<50 due to the Kirk effect at large collector-emitter currents, which requires a
power amplifier for current injection into the base. This results in a large power loss in the driver. Due to the fact that
the load modules are powered by an isolated DC/DC converter, their supply current is limited to tens of mA. In order
to use a BJT, it would therefore be necessary to additionally develop a self-isolating DC/DC converter capable of

supplying large currents.

A partial solution is the use of a Darlington pair, which, however, has a minimal working capacity
voltage of approximately 1.5 V [16]. By using a modified Darlington pair with an N-MOSFET as
with a BJT driver it is possible to reduce the minimum working voltage to approx. 0.8 V, however
a large heat loss, up to tens of W, could occur on this drive MOSFET
(if we consider a source voltage of 100 V and an excitation current of hundreds of mA). This is how the wiring would contain
not one but two power elements, erasing the benefits of using a BJT. Current
the collector is also highly dependent on the applied voltage collector - emitter due to Early
phenomenon [17], which makes regulation difficult for sources that may oscillate under load. Even when overcoming
these difficulties, however, we will finally encounter a problem with the availability of power NPN transistors.
Of the types sold today, these transistors usually have parameters for use in audio technology
(power loss max. 250 W, TO3 case, for which it is difficult to manufacture a cooler) and high
price. This is because they have already been supplanted by unipolar in almost all branches of electronics
transistors or IGBT transistors, with which smaller power applications are achieved

losses. It was not so used for both technical and economic reasons.

The IGBT was not used mainly because it is not suitable for use in linear mode. Although
as a rule, they have a large permitted operating voltage and large switching currents, but permitted
power loss is usually small (TO220 case, power loss up to 60 W). Transistors in
larger cases are usually available at high prices (they are produced mainly for means of transport, not for consumer

electronics) in the form of intelligent modules that

14
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they contain internal electronics that take care of switching these transistors. These performance types are

thus not applicable for linear applications.

In contrast, MOSFET transistors offer suitable parameters. They can also be used in linear
applications, they do not suffer from the Early effect, they are field controlled, so a current is needed to control them
only
in case the voltage on their control electrode changes. Commonly available types are sold
e.g.
in a TO-247 case, which allows up to 300 W of heat to be transferred [18]. In the long run, it is
possibly even higher reliability, bipolar transistors at high temperatures suffer from the problem of dopant migration
[19 p. 19], which changes their parameters over time, while the initial problem can be a significant drop in hfe to a
fraction of the original value . On the other hand, unipolar transistors contain only one type of semiconductor, and

unwanted dopant migration should not have such a significant impact.

To realize the load, the IRFP260N transistor type in the TO-247 case was chosen, which is usable for
currents up to 35 A - 50 A [18] depending on the temperature at which it is maintained.
The permitted working voltage is 200 V, which is sufficient for this load. With very good cooling, keeping the
transistor at 25°C, it would be able to operate at a power loss of 280W, at 100°C (water cooling is a temperature
the transistor should not be able to heat up to) 115W. Cooling it is therefore essential to achieve the highest possible

power loss.
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3.4 Choosing a suitable shunt

With an ideal shunt, phenomena such as temperature dependence of resistance on temperature do not appear.

For metals, this dependence is positive, so the resistance of the shunt increases with its temperature. In practice, we

cannot neglect this phenomenon [20]. With the currents with which the load works, it is already necessary to take this

dependence into account [21]. Therefore, we try to achieve the smallest possible power loss on the shunt by using the

smallest possible resistance value (see chapter 2.1), the best possible cooling

shunt

and using material with the lowest possible temperature coefficient.

Assuming a linear dependence of resistance on temperature (usually only valid for

a limited temperature range or for some metals, otherwise courses according to [22]):
RRttk§ Y1y AR VY

where RO is the original resistance value, t is the current temperature, tA is the reference temperature

and kR is the temperature coefficient

tyyyt
y PV thoe
where KT is the thermal resistance of the cooler (for ideal cooling equal to 0, otherwise > 0). Then:
PYIR

AL A4S

where | is the current through the resistor. It is necessary to realize that power loss

it does not depend directly on the original resistance value, but on the instantaneous value
RRKIR ., V2

RYL

1 Rfkd °

We can therefore define the relative change in resistance as follows:

y R 1
yR 1
R 1 Rkk| 2

0 0 TR
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Since the shunt is to be used as a measuring element, it must be minimized
change in resistance depending on the current flowing. Since the size
the flowing current cannot be influenced, it is necessary to either use a resistor with a small value or

small temperature coefficient or improve cooling.

Although the formula only applies to the linear dependence of resistance on temperature, it serves well as
outlining the problem that needed to be solved. The best solution is to minimize them all

parameters that affect this dependence.

3.4.1 Minimization of measurement error on the shunt at large currents

The logical step is to first eliminate the phenomenon itself by choosing the material
with minimal temperature dependence. Of the commonly available materials, manganin is usually used, which has
a coefficient y = 2.10-6 K -1 [23]. Only special materials have a lower temperature coefficient
significant gold content. However, such shunts are not available on the market, that's why they are

manganin shunt is the best option and is used in the connection of the load.

The second step is to reduce the base resistance value. For currents in the order of tens of A, resistance
values greater than tens of my are quite impractical. The power losses are so great that it would be necessary to
solve not only the cooling of the load, but also the shunt itself in a complex way. However, shunts of such small
values are not normally produced in standardized series, but in a few values, from which the value of 10 my is the
most suitable for the required use. At this resistance value, the heat loss of the shunt reaches units of W at most,
which is already a realistic performance that can be easily cooled. Unfortunately, smaller values of shunts are not
normally produced, at the same time a problem arises with measurement on such a shunt, because a current of 1
A corresponds to a drop in units of mV, which can cause difficulties during measurement. The measurement of
such voltages is necessarily burdened by noise, interference from the environment and imperfections of amplifiers

(especially voltage input asymmetry and its temperature and time drift).

When using manganin, for temperatures around 25 °C, an approximately linear dependence of 50 ppm /
K'is valid. In fact, it is a parabola, the resistance has the same value at 25 °C and at 60 °C.
In this area, it has a tolerance of up to 0.02% [24]. This range includes the entire range of 10 °C — 70 °C. At higher
temperatures, the resistance of the manganin resistor decreases. Graph 1 (taken from [25]) shows the course of

this temperature dependence.

The measurement error caused by the temperature dependence of the shunt could be compensated by
measuring the temperature of the shunt and the inverse function calculated in the microcontroller. The disadvantage
of such a solution is the increased computational complexity. Since the resistance tolerance is
in the range 10 °C - 70 °C 0.02%, which at 20 A corresponds to an error of about 4 mA, not necessary
compensation cannot be implemented in any way, because the larger measuring error is caused by the measuring devices themselves

operational amplifiers (it could be solved by using a more perfect type) and component tolerances
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(more accurate than 0.1% is not normally produced). For this reason, it makes no sense to implement
compensation. On the contrary, in the event that the theoretical course of resistance dependence on temperature

did not correspond exactly to reality, the error could increase even more.
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Graph 1: Temperature dependence of the manganin resistance of the PBH F1 series (taken from [25])

The PBH F1 resistor from Isabellenhiitte Heusler was chosen as the shunt
GmbH & Co. with a resistance of 10 my. This shunt can be loaded up to 10 W when used with a cooler,
which roughly corresponds to a current of 31.5 A. So at least two modules are needed for this work,
because it is not possible to reach a current of 40 A with one module. It is possible with two modules

already theoretically reach a current of 63 A.
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3.5 Connection and principle of operation of the load block The
basic principle of the load block has already been outlined in section 12, figure 6.1 contains

principle diagram. Figure 3.2 contains the connection of the analog part of the load block.

3.5.1 Principle of operation of the analog regulator of the load block

1 2 3 4 5 [ d 8

E - 'X‘D-; = Regulator E
GND GND GND D proudomodul3 )
18,5.2817 16:47:08 Petr Polasek
Sheet: 3/4 |Rev:i 1087
1 2 3 4 5 6 Z 8

Figure 3.2: Schematic of the analog part of the load block

The schematic that Figure 6.2 shows is based on the wiring created for
projects A2B34IN1 and A2B34IN2, the continuation of which is this work. Contains bug fixes,

shortcomings

and functions that were missing in the prototypes created for the needs of these subjects.

The control loop is solved analogically, because it allows faster, more accurate
and more stable steering than with direct digital steering. It only controls the processor using the DAC
control voltage with which the control loop is set to the current value it should maintain (SET_I branch). This allows

computing power to be used for communication, load management and error condition detection.

The input amplifier, which measures the voltage drop on the shunt, and thus indirectly the current passing
through the load, is implemented differentially. In the prototypes there was a ground loop problem arising when
connecting a simple amplifier, which largely eliminates this solution.

To perfectly suppress this phenomenon, it would be necessary for the tolerance of the components to be zero,
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unfortunately, commonly available components have the smallest tolerance of 0.1%, however, this solution

seems to be sufficient.

The amplifier is followed by an error amplifier. Here the amplified measured is compared
voltage with the voltage from the DAC. The resulting voltage indicates the difference between desired and actual
measured current. If the load is working properly and the loaded source is capable

to provide the desired current, the voltage at the output of the error amplifier is zero (referenced to ground).

The input of the integrator is the voltage from the error amplifier. The integrator accumulates this
error
and introduces it as feedback, whereby the controller always converges to the correct value
current.
A diode is connected in the integrator, which prevents the voltage at the output from being less than about -0.5
V, so the integrator cannot reach saturation in the area of negative output voltage. Switching on the load from
the zeroing mode of the integrator or the zero set current takes a significantly shorter time. A double Schottky
diode is connected at the input of the integrator, which prevents the generation of a large voltage at the input of
the integrator in the event that the integrator reaches positive saturation. This again shortens the recovery time

to normal work mode.

The output buffer is used because the operational amplifier used for the integrator is not capable of
delivering large currents from its output. Therefore, a buffer is included behind it, which works as a voltage
tracker. The transistors used in the buffer will open when the current flowing from the amplifier output exceeds
about 1 mA. Operational amplifiers are thus not subjected to current stress, thereby limiting the possibility of
their overheating, damage or oscillation.

At the same time, it is thus possible to control the gate of the power transistor more quickly.
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3.5.2 Transmission characteristics of the analog controller and its stability

Transmission characteristics of the controller without a closed loop (Graph 2) and with a closed loop

the loop (green) is on graph 2. According to the simulations in the LTSpice XVII program, the controller should be

stable.
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Graph 3: Transfer characteristic of the controller with a closed control loop

Since the controller has a phase shift of 180° up to a frequency of 118 kHz, where

closed loop has a gain of -45 dB, it should not be possible for the controller to self-oscillate [26].
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3.5.3 Principle of operation of power supply and filter circuits

Figure 3.3 contains a diagram of the power supplies of the load block. All analog

even the digital part of the load block is floating. The power supply is realized by a DC/DC converter, on which

input is 12 V, output voltage is +12 V, output is galvanically isolated from input, permissible

the voltage between input and output is 1.5 kV. The maximum current through one power branch is 42 mA.

According to the manufacturer, the inverter can be overloaded so that the total supplied current is 84 mA [27], [28].

This property is not used in the connection, the current drawn by the electronics is approximately 36 mA

from the positive branch and 15 mA from the negative branch. Depending on the operating frequency of the

processor and the state of the surrounding electronics, the current in the positive branch may drop to 20 mA, but usually

during operation it varies between 32 mA and 36 mA.

However, these DC/DC converters are not regulated or suppressed, so the output voltage is

measured pieces (2 pieces of A1212S-1WR2 from the manufacturer Mornsun and 3 pieces of AM1D-0512DZ from

the manufacturer Aimtec were tested) ranged from 12 V to 15 V. 15 V was reached by these converters only

without load. With a defined minimum load of £5 mA, the output voltage was around 13 V, with the highest allowed

load 11.5 V - 12.5 V. The output noise reached tens of mV peak-to-peak, which could cause problems with the

measurement of small voltages, therefore the supply voltage filters follow the source.
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Supply voltage filters are implemented using voltage trackers that work
based on the principle of filtering the power supply through 2 RC filters, which is then used as the control voltage of
transistors Q1 and Q2. Since their gate voltage is filtered out, it is

Noise has also been largely eliminated from the output voltage.

3.5.4 Transmission characteristics of power filters

Graph 4 contains the simulated transfer characteristic of this filter. Blue curve
is the filter in the positive branch, green in the negative branch. At 100 Hz, it achieves an attenuation of 30 dB, at 1 kHz
87 dB, at 10 kHz 120 dB. The variant in the positive branch of the power supply achieves even greater attenuation at
low frequencies, or 98 dB, 108 dB and 126 dB. So much attenuation ensures that any noise
from the DC/DC converter will be attenuated to an unmeasurable level. Together with the PSRR of the operational
amplifiers used, the penetration of noise from the source into the measured signals can be at most -130 dB.
Considering
to the measured noise level and its frequency distribution (the converter works at 80 kHz — 120 kHz)
thus, the effect of such noise will be immeasurable, as it will be significantly smaller than the inherent noise of
operational amplifiers. The filters thus fulfill their function as expected. The positive branch also contains a voltage
limiter, which limits the output voltage to a maximum value of 12.2 V. The reason for not using conventional stabilizers
is the fact that they do not sufficiently suppress noise, moreover, this suppression decreases with frequency, while it
increases

with the design used.

The analog part and the 3.3 V stabilizer for the microcontroller are powered from these +12 V suppressed
branches. The simulation was not confirmed by measurement because the technique required for this measurement

(in the order of nV) is unavailable.

10mHz 100mHz 1z 100KHz

Graph 4: Transmission characteristics of power filters
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3.5.5 Connecting the digital part of the load block

Figure 3.4 contains a diagram of the digital part of the load block. A microcontroller is used
STM32F030F4P, which is responsible for communication with the controller and DAC. At the same time
used to measure the voltage in the circuit and evaluate whether an error has occurred. In this part
the scheme also includes circuits for zeroing the integrator and emergency shutdown of the load. Next here
it has indicator LEDs that signal the state of the load and the switching on of the reset and emergency

circuit. The last essential part is the connector with the programming and debugging interface

SWD.
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Figure 3.4: Circuit diagram of the digital part of the load block
3.5.6 Microcontroller and DAC used
The processor used is a thirty-two-bit ARM Cortex MO microcontroller from ST
Microelectronics with type designation STM32F030F4P6 [29], [30]. It is a microcontroller
intended for undemanding and simple applications, where it replaces outdated eight-bit ones
microcontrollers both for their low price and their computing power and equipment. Contains
8 MHz internal oscillator

and PLL, so it can work up to 48 MHz, while the computing power reaches 44 DMIPS, GPIO pins can be
switched with a frequency of up to 24 MHz, it contains one twelve-bit AD converter with a sampling rate of

up to 1 MSa/ss multiplexer. Given that s
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with the given capabilities, classic families of microcontrollers (8051, Atmel AVR, Microchip

PIC etc.) to compete on price, this microcontroller was chosen.

As of May 2017, the price of this microcontroller is around 40c (CZK 9.60 according to
of the current exchange rate as of 5/24/2017). Since only very outdated and underpowered processors (eg
ATtiny and six-pin processors) were found in the same price range
processors), for which there are also very limited and paid compilers, and the only drawback
the chosen microcontroller has only 15 GPIOs, but these are enough to control the load block, there was no

reason to use another microcontroller.

Since the microcontroller does not contain an integrated DA converter, a twelve-bit DA converter
MCP4725 [31] was used. A multi-bit converter would allow finer control of the load, but sixteen-bit converters
are significantly more expensive, and the control step with this converter comes out to 8.08 mA according to
the measured values. Since the load block itself is rated for a maximum current of 30 A, and changing the
temperature of the differential amplifier from 25 °C to another temperature in the range of 0 °C - 70 °C, the
input voltage unbalance can increase by up to 55 ¥V, which corresponds to a measurement error of 5.5 mA
(i.e. comparable to the control step), it makes no sense to increase the number of bits of this converter. The
advantage of this type of converter is that it contains an EEPROM, which contains information about what
mode and code word to enter after power-up and what voltage to set the output to. This allows the converter
to be set so that when the entire device is switched on, it is set to the on state and the output is set to zero

voltage, i.e. zero load current. Thus, an undefined load state should not occur when switched on.

3.5.7 Connection of communication circuits

Figure 3.5 contains the wiring of the ADuM?2401 digital isolator and differential transceivers.
ADuM2401 is a modern successor to optocouplers, it enables galvanic separation of fast digital signals. The
BR variant used enables transfer rates of up to 10 Mb/s [32]. Allowed DC voltage between isolated parts is
846 V, AC voltage up to 565 Vrms. Compared to optocouplers, even at such high transfer rates, it does not
consume much, only 2.1 mA per channel (it contains 4 channels, 3 in one direction, the last one in the

opposite direction).

The 75176 [33] differential transceivers are used in case the load block is used separately on long
cables, when transmission reliability using standard SPI could be an issue. Although transceivers limit the
transmission speed to roughly 1 Mb/s, they ensure transmission reliability by being significantly more resistant
to induced
due to harmonic interference and due to the matched impedance at the ends of the cables, they do not occur
reflections. In case the module is used as part of the device described in this work, it is not

transceivers must be used because the cables inside the device are short. In that case,
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the transceivers are not installed, the PSH connector is installed, which provides communication and power

from the control block.

Since the SPI bus uses an inverted slave select signal, while
the ADuM2401 and 75176 integrated circuits need a non-inverted one to turn on
signal, i.e. logical H in case the data channel is to be switched on in the direction out of the block
load, a 74AHCT1G14 single-gate inverter is used (74AHC1G14 can also be used), which
provides the function. It is a small component in a 5-lead SOT23-5 package, which saves a significant

amount of space compared to the standard 74*14 model, which has 14 leads.
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Figure 3.5: Circuit diagram of isolated digital communication
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3.6 Construction of the load block printed circuit board The printed
circuit board was designed in Eagle software and fabricated by photolithography on

double-sided printed circuit board, a non-soldering mask was also created by photolithography.

Figure 3.6: Motif of the designed PCB of the load block

The photolithographic process used in the production of printed circuit boards uses the so-called dry negative
photoresist, which is a foil sensitive to UV radiation. In places where it is irradiated, it polymerizes. On
a transparent film was attached to the cuprextite plate with blackened places where it should have remained
copper foil. Subsequently, the unpolymerized parts were removed using a soda solution. IN
the places where the photoresist did not polymerize was bare copper at this point, which was
etched away in an etching bath (sodium persulfate solution was used). Subsequently, it was for chemical
protection carried out surface electroless silvering in a chemical bath. After washing, the printed circuit board was painted
with a prepolymer mass spread in a thin uniform layer under a transparent foil. The
was developed again, unpolymerized residues were removed with alcohol. After further curing
mask in UV radiation, the PCB was cut to the required size. Subsequently, they were drilled
holes for metal fittings and component outlets with a carbide drill, rivets with an outer diameter of 1 mm (Figure 6.9) were
inserted into the holes and tapped with a punch (Figure 6.9), which was then used for
ensuring contact soldered to the PCB. Finally, the components were soldered (Fig

3.8).
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Figure 3.8: Manufactured and fitted load block piece
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3.7 Treatment of error conditions

Several error states may occur during operation, which were necessary to treat, otherwise there
could be damage to the load, damage to the tested source or inconvenience when connecting the tested

source.
List of expected error states:
1) The power element is overloaded with power for a long time
2) The power element is impulsively overloaded
3) The load cannot reach the required current

The solution to these error conditions is as follows (the solution numbers correspond to the numbers

error states):

1) Overheating of the power element can be prevented by measuring the temperature of the power element.
The temperature is measured periodically, the maximum continuous power is set according to the

Linear Derating Factor parameter, it decreases with temperature.

2) The load block itself measures the voltage on the power transistor, according to the applied
voltage it limits the current flowing through the load so that the maximum power loss is not

exceeded at the peak

3) If there is insufficient voltage on the load for its function (<2 V), the load temporarily
switches off so that unwanted phenomena do not occur when the source is suddenly connected -
impulse overload of the load or source or injury to the operator during connection

power source.

These protections are built in at the firmware level, so they can continue to be modified even after
device manufacturing. This approach also allows for a significant simplification of the analog part of the block
load, which would otherwise have to be equipped with mechanisms for detecting these states and their

distinction from the normal operating mode.
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3.8 Method of programming, debugging, control and calibration
3.8.1 Programming and debugging
The load is programmed using the SWD interface, for which there is a dedicated connector with the same
designation. This is communication using two wires, a reset signal
and a common ground that allows both programming and debugging and correct checking

program activities.

3.8.2 Load block control

Load control takes place digitally via the SPI interface. It runs through a digital isolator,
by which the user part of the device is galvanically separated from the power part. Optionally, differential
communication can also be used for communication over longer distances (up to hundreds of meters depending on
the unit's communication speed). In the case of using differential communication, the conductors of the UTP type
supply cable are plugged directly into the circuit board. There are also flats on the printed circuit board for connecting
a two-wire power cable. Otherwise, differential transceivers are not fitted and a PSH-type connector is fitted, which
connects to the control unit with a short six-wire flat cable that provides both communication and power. The cable
is terminated at both ends with a PFH type connector, which includes a lock, so it cannot be inserted incorrectly or

disconnected accidentally.

Each module has its own /SS signal assigned, so it is possible to identify them, find out which modules
are connected, configure them separately and read data from them. Due to the requirements placed on their
configuration, a very simple communication protocol is implemented. The control unit can send only 2 types of
command: current setting and power setting. Sending this command will automatically reconfigure the load block to

the desired mode and value. Communication via a sixteen-bit SPI interface is used.

The highest bit tells the load block what mode to set it to. If MSB is O, the load is set to constant current
mode. If MSB is equal to 1, the load is set to constant power mode. The remaining 15 bits can contain a value of O -
32767. If a value of 0 is sent, it sets the load to zero current/power and uses the integrator reset circuit to force the
load current to zero. This is due to the offset of the control loop, which can cause the DAC to still load when the DAC

has zero voltage at its output.

a small current flows (on the order of tens of mA at the most, i.e. approx. 0.1% of the maximum value). If it is
sent a different value, the load will be set to the desired value according to the calibration data.

The current is sent in mA units, so the maximum current through one load block is 32.767 A.

Power is sent in tens of mW, the largest possible adjustable power for one load block

it is therefore 327.67 W.
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An almost identical format is used for feedback. The lower 15 bits contain
information about the currently measured value of current / input in the corresponding units.
However, the highest bit does not contain information about the current mode, but signals an error.
0 in the highest bit indicates an error condition or the absence of the module (pull-down is installed on the control

board), 1 indicates correct function.

3.8.3 Load block calibration

Calibration is solved using calibration constants stored in the FLASH memory
microcontroller. The STM32 family of microcontrollers usually does not contain EEPROM memory

[29], FLASH memory is used instead, which can also be rewritten using a recorded program

in the microcontroller.

Calibration takes place using a linear approximation. Using the debug interface in the IDE
Keil yVision is set by the DAC code word. The code word is set from 0 to 1000 in steps of 50 (21 samples), i.e.
roughly 1/4 of the range, which should correspond to
8A.
approximately From this number of samples, the coefficients al and a0 of the linear function can be precisely
determined . According to the measured results, the dependence of the flowing current on the code word is truly linear.
These constants can be obtained by linear regression using any spreadsheet or math software (Excel, LibreOffice

Calc, Matlab, Maple, etc.). Thus, the calibration terms for

equation

IX) and joyand 2 (6.8.1)

where al is the conversion slope and a0 is the offset of the zero current. If a0 is positive, then it is
theoretically not possible to directly achieve zero load current. For this case it is used
an integrator reset circuit to ensure that the power element is in the closed state.
Considering
to the fact that the term a0 should have a size of at most tens of mA, it should not be too large in practice

defect. Thus, the DAC codeword is set using this relationship:

And a 0
x5 — (6.8.2)

and
1
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3.8.4 Implementation of the code word calculation on the microcontroller

Since this calculation could be on a processor without math

coprocessor for division and floating-line operations is slow, a calculation adjustment is applied.
And 8891

xr " o (6.8.3)
131072

We define the newly formed terms a0' and al' as follows:

131072

and
1

(6.8.4)

v 131072

i
and
0

The purpose of this adjustment is to speed up the calculation. Although the STM32F030F4P microcontroller
it does not have a math coprocessor, but it can multiply two in one cycle
32-bit numbers. By using variables of type 32-bit integer, division can be simulated
by multiplying the rescaled inverse value. The constant 131072 is used because it corresponds to a bit
shift of 17 bits, so there is no need to use division at all, just a bit shift of the result by 17 bits to the right.
Given that the result of the calculation will be an integer in the range 0 - 4096, and that the last operation
in the calculation is a shift of 17 bits to the right, it had

the resulting value would be sufficiently accurate.

It would be possible to increase the precision of the calculation by using 64-bit type variables
integer, while larger scaling constants would be used in the formula for calculating the code word, but even
with the mentioned calculation for the measured piece of the load block, the error of such a calculation
comes
out to be -0.0016%. Refinement of the calculation would therefore have little or no effect on the load
function, as this error will only be reflected at the upper limit of the possible adjustable current, where at 32
A the error will be approximately 0.3 mA. Such an error is practically immeasurable and is significantly

smaller than the errors caused by the imperfection of the analog part of the load block.
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4.1 Control and user control block

The purpose of the control and user control block is to set load parameters using the user
interface, communication and control of individual load modules and indication of error states. The

user interface consists of a four-digit, seven-segment display,

sixteen-key keyboard and indicator diodes.

There are 16 buttons on the keyboard, they are marked with numbers 0 - 9, *, #, A - D.
Numbers 0-9 are intended for setting the current or input power. Entering a number is confirmed
with an asterisk, entering a number is canceled with a cross. Button A selects constant current mode,
button B selects constant power mode. The load is switched off with button C, the load is switched
on with button D.
If the load is switched on, it is not possible to switch between constant current and constant power
mode. If a numerical value is being entered, the load cannot be switched on
nor change its mode, only turn it off or deselect a value. This simplified description is better described

in the following two diagrams.
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Figure 4.1: Command entry function diagram
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4.2 Wiring and construction of the control block The
control block was again created in Eagle 7.2.0 software. Its wiring includes

five seven-segment displays, their auxiliary electronics, a converter from 12 V to 3.4 V for

processor

and display power supply, STM32F10C8T processor and connectors for keyboard and indicator LED.

1 2 3 4 5 6 7 8
+3V3
| u1
Q1 a G| art Q8 Q1o Q12
BSS84 BSS&4 BSS84 BSS84 BSS4 BSS84 B BS: J vee or |2 '
e y - SWITCH C |-
A (il :ih ® :-t il [ :31 all DRVR_C SWITCHE |2+ A
- | -4 b | C10
f i T COMPTR SN 3=
o S T
oo gzxd
- u| I uDg me Elhe z E !D‘t E
EliE el Bglx gli= i el ELE GND GND
ol o el ele,p 2k el 2y 2l 8lls e :
[ 3 x o s |
A B % i ® F 6 ROP e = = T 1 .3
oo slor glos gl glom glen2
B ) - - _— = B
A B c D E F G ROP 100n/50 ] 100w18 ] 100u/16 " 100u/18 ] 100w18 | 10016
QFEDCBA GFEDCBA GFEDCBA GFEDGBA GREDCBA GND GND GND GND & GND
o o PRSI N 5= 1 U I S P )] =1 2{12] e X
| | | | 2 2V
i
delalvlolale]  aelelulolale NEEERE 1 i e
X SWCLK -
7] 3
3 Joa Lo = I
e = Lo
o - o IR =]z
c oouw16 T10ouwid Tl5 aND le
o o * % =]4__8PH_SCl -4 sPn SCK
= GND GND -2 8P MOSI | _|3 SPII—MOSI
=12 SP1 BELY -}2_S
1
jor 064 MR ead e = —seimiso | 1 Shr MISD
i i Fa COL1 COL2 COL3 COl4 SLAVEA SLAVE2
R R gy E: RE2 R Lo n e ne i
uo - 10 |”U il SPI_SELA § 5 ﬁDS 5 -] éDS ot e ot [
STARWTO0 e | OO sToRNT002 {.f| Ras +3v3 SP(_SELS g i i o —]4"sp11_sci —[4"sP11_scx
sTOP e = —lz spimosi | =3 spiMosi
470 470 GND GND GND GND P —[2__sPi SEL4
=1 1__sPA_mSO =] __sPii_miso D
GND RST  ymar |1 +ava
»n gag%( i SLAVES SLAVE4
EL' Rz R28 NV 2 R33 R37 v VasA 10 J13
1 p, e 1 +3val Sle s1zv e +12v
a1 g |40 [ o GND g | o
CURBSENOZ POVGRO02 { =] _sen =]+ _sPi1_scx
7C | [ Ip— Al 25 owen 1 Zf—servosi | Zfs—sed os:
[ P il SPLSELL___ 2| pors —lz_seises | Tl sei sELe
e GND SPISELZ 3 | poyg = snﬁ miso | ] seiT_wmiso
GND GND SP(BELI___4 | poy L ]
STAVES STAVES
CC_1 cC_2 CC_3 CC.4 cC.&
E Q2 Qs Q8 ati Qi3 1 BUI E
aNro02 | w7002 | 2NT002 2NT002 2NT002 weaT L ST
sa_ B h: smz2 T i:._' SELS _%Jh—' SEL4 _%_]!'1 sELS %Ji‘if il e qui
w | w | K K o L L% | 24.5.2017 20:42:08 [Petr Polasek
GND GND GND GND GND GND GND Sheet: 1/1 !ﬁev:lﬂ@
1 2 3 4 5 8

Figure 4.3: Connection of the control block

The processor used is again an STM32 series processor from ST Microelectronics.
It was used to simplify the wiring, as it has 36 GPIOs, which made it unnecessary to use either shift

registers or multiplexing to use multiple functions on one port. This processor is again a thirty-two-bit ARM,

this time Cortex M3.

The keyboard used is of the 4x4 type, therefore it requires 8 wires, the display requires 8 wires to
display the character and 5 wires to select the position. For the SPI interface, 3 wires are used for data and
6 for device block selection. 4 wires are used for the indicators, another 2 for the debugging and

programming interface. So all 36 GPIOs were used.

The load blocks are powered and controlled from the control block. The control block is powered
by the power source listed in 5.1. Since this block's PCB pattern design is made specifically for the box

used in this device, it is not shown as an image. However, it is included as a project for Eagle.
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5.1 Power supply

No great demands are placed on the power supply. A 12 V, max. 120 mA source is needed to
power the load blocks. About 450 mA is needed for used fans. A maximum of 200 mA is required for
the control and user control block. Therefore, the Meanwell RS-15-12 [34] source was chosen, which
provides a maximum current of 2.1 A at 12 V. With the current configuration of the device, this source is

sufficient.

The source is switched by a rocker switch on the front panel, which disconnects it from the

mains voltage.

6.1 Mechanical construction of the load

Cell burden vomee built in to tin boxes type

U-KK12-30221 measuring 302mm x 124mm x 217mm. Control and indicator elements are
fitted in the holes created in the box. The box is isolated from the mains voltage and from

tested resource.

For cooling the load, forced air cooling is used using three pieces of 80 mm
of fans attached to the CHL32A type cooler, for which the manufacturer defines the thermal resistance
1.3 K/W when cooling by unforced convection [35]. With forced cooling, this resistance should be
several times smaller. However, the cooling is not ideal as the cooler is located inside the box

machines. The box does have holes, but they don't seem quite enough for this one

type of cooling.

The original intention was to use water cooling, which would be implemented using
open circuit. Inside the device, the through vessel was to be made of 4 pieces of flat copper rod
measuring 40 x 5 mm, which would be bolted together in the shape of a cuboid. The seams should have been
soldered to make them perfectly tight. They should have been at the ends of this hollow block
2 smaller rectangles as the remaining walls of the block to seal it. They should have been drilled in them
holes for screwing, to which two hoses were to be connected, one inlet, the other outlet.
The circuit was to be implemented in such a way that cold water would flow from the water supply through one hose, and it
would flow directly into the waste via the other hose, because the resulting heat would cause the water to burn on the first pass
it heated up so much that it could not be cooled down to the required temperature quickly enough. Unfortunately it does
however, it showed that such a construction would be very demanding. Copper rods can only be bought
in larger quantities, usually a four-meter rod is the basic unit. A large purchase price is also related to

this. The problem is also the soldering of such a massive structure and ensuring tightness.

Another problem is that transistors at such power losses are not possible

galvanically isolate from the cooler, and thus also the water that circulates in it. So the device could be
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dangerous for the user if he were to test a source not isolated from the mains voltage because

could result in electric shock.

The load is fully functional, it can be operated at specified voltages and currents, of course
continuous power is limited to roughly 150 W. For use at higher powers it would be necessary
mentioned water cooling. It is practically impossible to cool a power greater than 1 kW with air,
because such powers already require the use of massive coolers weighing close to 10 kilograms,
even when forced cooling is used. Such coolers are not manufactured as standard, they are manufactured
only at the customer's request. Considering that these are small production pieces about large

dimensions, such coolers are very expensive.

So the conclusion is that if the load were to be able to load the sources with a current of 40
A to a voltage of 100 V, it would be necessary to get rid of 4 kW of waste heat, which can only be

achieved by cooling with single-flow water.

A photo of the mechanical design of the entire device can be found in Figure 6.1.

Figure 6.1: Mechanical construction of the whole device

The entire device is installed in a tin box that is grounded for safety
user. Due to the used isolated sources and digital isolators it is possible

safely measure sources floating with respect to mains ground up to a voltage of 800 V.
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7.1 Measured properties of the manufactured load block

The measured parameters of this load are located in this section. These are parameters describing the ability of

the load to maintain the set current when the voltage of the loaded source changes, the linearity and offset of the conversion.

7.2 Measurement of load current dependence on DAC code word

The essential information about the quality of the connection is the measurement of the dependence of the load
current on the DAC code word. Ideally, it should be a linear dependence without a constant

member. In reality, however, this term will be non-zero due to the imperfection of analogs

components.

y = 0,0080780x + 0,0318732

R? =0,9999818
16 -

14

12

10

v v

Proud zatézi (A)

0 250 500 750 1000 1250 1500 1750

Kodové slovo DAC (-)

Graph 5: Dependence of the load current on the DAC code word

The following information can be found from the measured data: the slope of the transfer is 8.08 mA, the offset is
31.87mA. So if we increase the code word by 1, the current through the load block increases by 8.08 mA.
If we set the DAC codeword to 0, the current of 31.87 mA will still flow through the load.
However, this is not a serious problem - given that the smallest current step is
8.08 mA, it is only at the lower end of the current range that the three steps between 0 mA and 32.32 mA are missing.
However, this small defect is completely negligible in practice, if we test sources with currents of tens of A, it does not

matter that we cannot set exactly such a small current.

The essential knowledge from this measurement is that the linearity of the conversion is practically perfect
(according to the parameter R2 , which compares the measured values with a linear regression). In addition, the load
behaves correctly at least up to 15 A, but can be expected to behave this way even at tens of A, given the datasheets of

the power MOSFET and the shunt.
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The resistance wire shunt turned out to be unusable from currents exceeding 10 A. At such a current, it
already heated up to hundreds of degrees, changing its resistance. On
with large currents, the steepness of the transfer decreased, which greatly affected the linearity of the transfer.
Considering
for almost perfect linearity, there is no need to compensate the measurement with respect to temperature in any way
shunt. Against resistance wire, which does not cool well, it seems to be an option

manganin resistance with the right choice.

7.3 Measurement of load current dependence on load voltage

resources
This measurement involved finding out how the load current changes when the voltage changes

loaded resource. The measurement was made for currents of 1 A — 14 A. Depending on the use

power source limited to 14 A and 188 W, the measurement could not be performed for the entire working period

load range.

16
14 (R
—— 1 A
12 +—
| —.-— 2A
——
< | 3A
~— 10 4+ e
5N - 4A
) —%— 5A
\“ B
N —e— 6 A
ko] e 4+ —
3 —— TA
g ¢ - s ga
o RN —X - £.3 9A
4. 10
A
2 -
0
0 10 20 30 40 50 60 70

Napéti zatézovaného zdroje (V)

Graph 6: Dependence of the load current on the voltage of the loaded source

Considering the measured results, however, it can be assumed that the rest is also working
load area, the load will behave similarly. The relative error is plotted on graph 7

current maintenance when the voltage of the loaded source changes.
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Graph 7: Relative deviation of load current depending on source voltage

From graph 7, it is clear that the largest current maintenance error is for currents up to 3 A.
The largest deviation occurs at a current of 1 A, where the deviation reaches 3.5%. By measurement
with an oscilloscope, however, this deviation is apparently caused by noise at the output of the switching source,
which increases significantly at this voltage and current. For currents from 3 A, this graph is plotted

again with a different scale as graph 8. The highest deviation reaches -0.06%.
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Graph 8: Relative deviation of the current depending on the voltage for currents from 3 A
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It can be seen from the measured dependence that the minimum operating voltage of the load is up to a current of 8 A
1 V. For currents up to 14 A, the minimum working voltage is 2 V. For higher currents, it should be
of the datasheet for the IRFP260 transistor including the loss on the minimum working shunt
increase the voltage to no more than 3 V. This result should be sufficient for testing most sources. An exception can be made

only by low-voltage sources with an output voltage less than

5V.

7.4 Measuring the ability to maintain constant power

In this measurement, it was about finding out how the load can maintain the power input when the voltage changes

loaded resource. One piece of load block was measured.
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Graph 9: Dependence of the load input on the voltage of the loaded source

According to graph 9, the constant power mode is also functional, but with less accuracy than the constant power

mode. For better visualization, this dependence is also plotted as a relative deviation from the required value (graph 10).

From graph 10, it follows that the relative deviation is dependent on the voltage of the source as well as on the
required input power. For low voltages up to 10 V, the predominant factor of error is the inaccuracy of the voltage

measurement. For the measured voltage, use the internal DAC of the processor, which is twelve-bit.
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Graph 10: Dependence of the relative deviation of power maintenance on the source voltage

For damage resistance, the circuit is designed to measure voltages up to 200 V. The smallest measurable step is thus
48.8 mV, the real measurement results in 50.8 mV, which is determined by the tolerance of the components in the divider. For a
voltage greater than 15 V, this component of the deviation ceases to be significant and an error caused by either the impossibility
of setting the exact required current or rounding in the calculation (the calculation takes place in whole numbers) begins to
manifest itself. The greater the required power, the less this error manifests itself, for an input of 90 W it reaches less than 1%.
For a power consumption of 30 W, it reaches a maximum of 6%, for 10 W, 22%. If the load is to be used for small powers, it

would be advisable to use a shunt with a higher resistance to limit this error.

7.5 Evaluation of measurement results

One piece of load block was measured. The measurement shows that the load meets the requirements
requirements and has the expected properties. The smallest load step is 8.08 mA, the offset is

31.9 mA, or approximately 0.1% of range.

The accuracy of load current maintenance is better than for currents from 3 A in the measured range
0.06%, for smaller currents the highest deviation is 3.5%. Current holding accuracy is pro

performances of the order of tens of W better than 1%, in the worst possible case 22%.

Therefore, according to the measured parameters, the load is functional and accurate enough for the purpose

resource testing.

With the use of two load modules and a used cooler, it is possible to load sources

with a power of up to 560 W peak and approximately 280 W continuously.
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7.5.1 Working load area

According to the measured values, it is possible to create an assumed working area of this
loads. There are two dependencies, one for short-term load and the other for permanent load.
The operating range is limited by the MOSFET's minimum operating voltage for small voltages

and power loss and higher voltages.
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Chart 11: Working load area for continuous load
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8.1 Conclusion of work results

The designed and manufactured device achieves the required parameters - it is possible to load
sources up to a voltage of 100 V and for currents up to 40 A. The permanent permitted power of the load is
around 280 W, depending on the ambient temperature. The impulse power reaches approximately 560 W

(permitted power loss of two pieces of IRFP260N at 25 °C).

The load can operate in constant current and power modes. In constant current mode, the required
current holding accuracy is better than £0.06% over most of the operating range. In constant power mode, the

accuracy of maintaining the required power is better than 5% in most of the working range.

The load includes protections against current overload, peak power and continuous power. The default
setting of these protections is suitable for the used IRFP260N power transistor and PBH F1 series shunt. For
other power elements used, the device can be easily recalibrated, there is no need to intervene in the
connection. Current limitations are 30 A without time limitation due to shunt parameters, 280 W peak power
and 150 W continuous power per module due to power transistor cooling options. In the case of a requirement
for a continuous power of 280 W per module, it would be necessary to solve the cooling, probably with a water

circuit, because such power cannot be sufficiently cooled by forced convection

take away.

If a higher achievable current or power is required, the load can be simply expanded
using other modules. There is no restriction on the part of the individual load modules

of their number connected to the control block.

Individual load modules can also be used outside of this integrated device, they can be used
for example, to place around a large test device. This allows use

differential transmission, which is much more resistant to interference from the environment.

Unfortunately, it was not possible to get the load to be able to load the resources on
100 V and at the same time at 40 A (ie 4 kW). This is because to dissipate such amount of heat
is quite difficult. Due to the fact that a load with such power is produced
only a few models with a minimum price of CZK 113,000 (as of the date of writing this work)
[36], while for smaller performances there is a choice between a several times larger number of models, it is possible
to assume that this is indeed a problem that is also faced by companies that

manufactures such devices commercially.
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Connection diagram of the control loop of the load block
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