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1.Principles of Closed Control Loops

Continuous automatic control is a self-correcting system which maintains a
given parameter on or close to a predetermined level. The following application
note highlights how TC.GSS systems achieve this across a variety of applications.

Control systems always have a loop structure, because the actual value of the
controlled quantity is sensed and fed back to an error detector. The error detector
unit compares either continuously (analogue controller) or at regular time intervals
(digital controller) the following two values:

a) set value W given set condition, i.e. voltage, speed, temperature
b) actual value X:  actual measured value

The deviation is then determined. A signal passes a PID amplifier stage and acts as
controller output Y directly on the power stage.

Set value W P - Gain

v

|

Controller output Y

Actual value X D - Gain

:O | - Gain

v

a

v

| Error amplification

Figure 1: Closed control loop scheme

Figure 1 illustrates the loop structure. The blue circle on the left represents the
error detector feeding the time dependent PID network and summing.
Functionality of the PID stage will be explained later within this document.

Please note, the controller loop function described above is the same with
analogue or digital controllers. While analogue controllers use concrete signal
amplitudes (e.g. voltage), digital controllers work with digital numbers
representing the quantities.

Topcon Controllers are fully digital. 12 bits are allocated for each value ensuring a
resolution of 0.025%. The small stepping value provides a granular but even control
along the full scale value. Instead of electronic elements, digital controllers use spe-
cialised calculation algorithms in order to determine the PID portion of the loop sig-
nal. The advantages of digital controllers are: perfect reproducibility, lack of any
ageing or drift and the possibility to implement a variety of special functions into the
controller.
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2.Controller Parameters

2.1 General Information
A control system has four basic attributes:

a) Stability

b) Accuracy

c) Speed

d) Minimal overshoot (damping)

These are partially contradictory and therefore need to be optimised for best results.
A control loop cannot be set to optimise all of the above mentioned attributes. Take
the attributes ‘stability’ and ‘speed’ as an example. A very fast setting of the
controller will offer quick responses, but will always lead to instabilities or significant
overshoots if applying step changes.

» A satisfactory setting of PID parameters takes all 4 attributes into ac-
count.

These attributes require a certain amount of ‘computing’ with respect to the error
signal to ensure a good compromise for the overall system. An important parameter
of a system is the timely behaviour of the load, e.g. the time lag between the
application of power and the response of the system.

Take a room heating system as an example:

At the time of switching the system on, the room may have a significant undertemperature.
The controller will force the heater to send the maximum amount of heat energy possible into
the room. As the temperature rises, the error detector still detects an undertemperature room
so the power will remain on full. At a certain moment, the set point of temperature is met. The
error becomes zero and the power is switched off. Due to the energy still present in the
heater, the temperature will overshoot significantly. As the temperature falls again below the
set point, the heater is again powered up. However, due to thermal inertia, a timelag will be
experienced while the energy is transmitted and re-heats the room. So the room temperature
will ‘underswing’ the set point. As a result, this heating system will produce a steady
oscillating room temperature instead of a continuous and stable one.

The PID section of a control system introduces a time-defined response to the
control path. The signals produced aim to to keep the controlled quantity stable
within close limits, even at the occurrence of a perturbation.
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The main controller parameters are:

e P =proportional part

e |=lintegral part

e D =differential part

o (Adaptive part) for special cases used in TC.GSS power supplies

The goal of adapting the PID parameters of a control loop is to provide a stable,
accurate, fast and well damped system. This process is called ‘controller
parameterisation’, the corresponding PID parameter values is called the
‘parameter set’.

Each TC.GSS unit is shipped with a default set of PID parameters which give
satisfactory results for a wide variety of electrical loads. The system’s fast response
times mean that no further tuning is required for the majority of applications.

Nevertheless, highly complex loads with lengthy time constants (either inductive or
capacitive) may need adaption of the PID controllers for satisfactory operation. The
same applies to special operational conditions such as pulsed loads or oscillatory
electrical networks. In such cases parameter optimisation provides stable outputs
even in extreme conditions.

2 How to detect non-optimum PID parameterisation

The symptoms of an inadequate parameterisation of the control system are:

e Instability: The control process does not settle, the actual value
periodically or aperiodically oscillates or fluctuates.

e Damping: The control process results in a slow and too much damped
controller reaction.

e Speed: The control process takes too much time, particularly the
voltage drops/rises significantly at a load step.

e Accuracy: The residual control loop error is significant.

e Dynamics: The controller reaction to load steps or set value

steps is insufficient.

Controller parameterisation can be optimised by means of exact computed models.
However this method assumes an extensive knowledge of the time response of all
elements of the complete controller chain and the load itself.

2 Parameter optimisation “by hand” is the most usual method which
needs some basic knowledge of the controller system and a tool for
characterising the controller operation. TC.GSS systems provide an
easy- to-use SCOPE function via the TopControl software. This monitors
all controller signals such as voltages, current and further quantities
without the need for external measurement equipment.

In the following section, the basic functions of the three controller parameters P, | &
D are discussed more in detail.
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2.2 The Proportional Parameter P

Parameter name:

e P-—gain,or

e P —part, or

o P — amplification, or
e Occasionally Xp

Effect:

The P—gain generates a controller output Yp. This is proportional to the actual
control loop error (deviation between set and actual value). Therefore the P—gain
determines the magnitude of the controller output Yp caused by a given control loop
error. The larger the P—gain parameter is, the larger the controller output Yp will be
with respect to a given control loop error.

Note:
The P-part of the controller appears immediately after a (W — X) loop error.
In case of zero control loop error, no controller output Yp is produced at all.

2 A pure P-controller is very fast acting, but not able to adjust the loop to zero
error. This is because at zero error, the controller output Y will also be zero,
therefore no energy will be transferred towards the load.
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Properties of the P-gain Parameter:
e The P—controller part reacts very quickly to any changes in load or set values.

e A control system which consists only of the P—controller part is unable to control
a loop without a residual error, because no error results in no controller output
Yp.

e The larger the P—gain parameter, the smaller the residual error will become.

e The larger the P—gain parameter, the more instable and time-critical the control
loop will become.

Y A

Controller output Yp

Ratio = P-gain

V _______ W = & wm = = Error signal

»
»

| Set value

»
»

time
Figure 2: P-gain

Figure 2 shows the function of P-gain: At zero error, the output (blue) is zero also.
If an error (red) exists, the output equals: ERROR * P-gain

Functional description: At the timepoint of a set value step, the error signal steps
immediately to the actual difference value between the set value and the actual val-
ue. This in turn creates a controller output signal of the amplitude:

Yp = (Set value — actual value)*P-gain  (Observe the red and blue traces in Fig. 2)

The P-gain parameter allows for the adaptation of the basic controller sensitivity and
plays an important role for the optimisation of the controller.
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2.3 The Integral Parameter |

Parameter name:
e | —gain parameter, or
e Ti—integral time, or

) ) } time constants
e Tn-integral reset time

Effect:

The controller output Yi is generated by an integration of the control loop error over
time. Depending on the actual control loop error, which can be positive or negative,
a “pool” is filled up or emptied. A small error means only a small rate of filling the
pool and vice versa. The level of the pool represents the integral controller output
Yi. This controller output, as shown in figure 1, is summed together with the P-gain.
This has an impact on the power electronic stage of the above mentioned
proportional output.

The larger the control loop error is, the quicker the “pool” fills itself up. Therefore the
quicker the controller output Yi starts to have an effect on the control process.

The same applies for the integral parameter: the higher ‘I is, the quicker the “pool”
fills itself up at a given control loop error.

¥ Note: A high ‘I’ — gain parameter value stands for a fast response time
of the I-part
Example

In some circumstances the P-gain of a control loop is not able to remove the
residual error completely. Introducing an additional I-gain path adds to a ‘pool’ which
is initially empty. Due to the residual error, the pool is filled steadily, increasing the
controller output respectively. This in turn reduces the error further and further until
the error approaches zero. At this point, the P-part also approaches zero (see the
formula above for Yp on the previous page). The process is now balanced and kept
up only by the ‘pool filling level’. The controller output Y now represents the |-part
exclusively. These conditions last upon the changing of test conditions, e.g. a load
change or a disturbance appearing externally. In this case an error signal is created
which restarts the controlling function.
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Yi

Short Tn = high I-number

Long Tn

v

Set value step Time axis

Figure 3: Time response of the I-controller part

Properties of the I-gain parameter:

The I-controller works more slowly than the P-controller.

Given an adequate controller parameterisation, by means of the I-gain
parameter, the residual error will be adjusted to zero.

In the case of a negative error, the positively filled pool has to be emptied
accordingly — this requires some amount of time. Therefore, an I-controller tends
to slow down the control process.

Given an inadequate controller parameterisation, the “integral pool” may
overflow or reach a limit.

As with P-controllers, inadequate I-parameters may destabilise the control loop
until it results in permanent oscillations.

A combination of P-path with I-control path is called a ‘P/I-controller’ and allows
for sufficient fast and accurate controlling processes in most cases.
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2.4 The Differential Parameter D

Parameter name:
e D-gain, or
e Td (differentiation time constant)

Effect:

The D—controller part is distinctly dynamic and refers to the rate of change of the
control loop error.

The faster the loop error changes, the higher the value of the D-part of the
controller. On the other hand, a constant control loop error does not cause any
D—part controller output (rate of change = zero).

¥ Often the D—part is described as a derivative. The D—signal immediately
goes

against the controller error and re-establishs stationary conditions after a
step.

Comment:

As the D—part parameter is highly dynamic, the influence on the loop response may
be very high. An adjustment by hand has to be made with caution as the control
loop can become unstable very quickly. The D-part is helpful in certain high
dynamic applications, in order to make the loop quicker in the event of a step of
either the set value or the actual value.

Yd
D-Signal

e

0000000000000 000000

Control loop error

v

Time axis

v

Figure 4: Time response of the D—controller part

It can be seen from figure 4 that the magnitude of the D—signal depends on the
velocity of change and the direction of change of the control loop error.
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2.5 PID Combined Controller Output

In practice, all PID channels are summed to form a Pl or a PID controller structure.
This summed signal is the controller output Yc, which is working directly on the
power stage. In order to highlight the control loop states, these conditions are to be
distinguished:

a) The balanced state (zero error, stable loop condition)
- The P-channel gives zero output (no error)
- The I-channel gives the output necessary to fulfil the condition for ‘zero error’
- The D-channel gives zero output

b) The system response to a step change
- The P-channel gives a value Yp= (W-X)*P-gain
- The I-channel fills the ‘pool’ according to the error signal and the I-settings
- The D-channel gives a signal derived from the ‘rate of rise/fall’ of the error
signal
and helps the controller to reach the ‘zero error state’.

Yi

D-part Comb. Controller output

Init. I-cont P-part
1 I
V\ R

Time axis

v

Set value step Loop error

Figure 5: Combined controller output at a set value step

Figure 5 shows the response of the controller to a step change of the set value. At
the step time, the P-part immediately rises to the value given by the formula in
section 2.2. If the D-part is programmed, this value is summed with the P-value,
giving a ‘spike’ during the rise time. From then on, the I-part fills up with a rate
determined by the I-parameter and by the momentary loop error value. As the
actual value X is approaching the set value W, the error becomes smaller and
smaller. Therefore the P-value is reduced more and more, while the I-value is filled
up until the error is corrected.
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3.Controller Parameterisation

3.1 Controller Structure

3.1.1 CP-CC-CV-Ri Structure

Figure 6 depicts the basic controller structure of TC.GSS power supplies. The two
controllers for current and voltage work in parallel (see figure 1). The power
controller is superposed onto the current controller and assumes control if the upper
power limit is reached.

N + Voltage ~ ‘
Voltage Reference % Controller Y
N N
Current Reference _ . - Primary Phase
Voltage_Ctr_Offset
N =t
(e e} =] ; =]
] Power Current
= <
Controller Controller
: .
. ’—‘ r Max_Primary_Current - Primary Current
Internal Resistance ><
Y 12
Output Voltage
Output Current

Figure 6: Basic controller scheme of TC.GSS

3.1.2 Operation of the Controller Scheme

As long as the given power limit is not exceeded, then both the voltage controller
and current controller operate in parallel. A signal is given by both the voltage and
current controllers to a ‘lower than’ electronic circuitry. The controller feeding the
smaller voltage is selected to drive the output signal ‘Primary Phase'.

Assuming that the voltage controller is working to maintain the voltage constant (CV
mode of operation) and the current is below the current set value, then the current
controller will have no influence on the control process. If the current rises due to
lower load impedance and reaches the set current level, then the current controller
will take over from the voltage controller. This results in the voltage no longer being
controlled, in favour of the current which is now held constant. The parallel structure
allows for a fast change from one controller to the other within a fraction of a msec.

If the power limit is reached, the power controller will reduce the actual current limit
to a level within the preset power level.
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3.1.3 Setting of the Parameters

Power, current and voltage controllers have default parameter settings which are
adequate for a wide variety of load impedances.

Complex loads such as high capacitance or pulsed short circuit conditions may
require an adjustment of the controller parameters to achieve optimum
performance.

Optimum controller parameterisation can either be calculated or evaluated by trial
and measurement under real load conditions.

The controller parameterisation when performed by hand during operation of the
power supply is discussed below. For the following procedure it is highly
recommended to use an external oscilloscope or the TopControl SCOPE function to
monitor the load voltage and/or current. See the main TC.GSS operating manual for
further details of the integrated scope function.

In operation mode, the “inner controller’ is optimised in the first step, while the
superposed controller follows in the second step.

Opening the CONFIG tab

— —
+ TopControl V4.02.08 (no device

File Window Info

CONTROL | sTATUS | FUNCGEN | SCOPE PROTECT | DEVICE INFO |

Output Voltage Output curent Output Power Intemal resistance

Voltage preset Curent preset Power preset Resistance preset

[ oo v 4 [ oo a 4 [ 000 kw] [ omad

System cortrol System status

Voltags actual state Actusl state state unknown
@ voLTAGE ON o Conrlinput: continput urkrown

W] oFF

_ew | |
Autorefresh Remote control input
& [Eores e | [ siomsotis |
¥ ON L) Analog inputs -
“ 5 | VLS active

The CONFIG tab within the TopControl software provides access to the parameter
set. If the CONFIG and PROTECT tabs are not shown when your PC is connected
to the TC.GSS the you need to enter ‘Advanced User’ mode.

To reveal the Config Tab
- (4)

. o Commiorication Debug... 5 Uzer lewel m
1 -> Select Window o P . - umtlenr | e
2 -> SeIeCt Preferences Sotwae Lpdate, * Advarced Uxa' |
3 -> Check Advanced User £ PowsrlUser
4 -> Enter password: kilowatt (2) * Factoy
5 -> Restart TopControl '
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3.2 Typical Controller Settings in Practice

3.2.1

Table 1 lists the factory default parameters. This parameter set will work well with a
variety of loads. An adaption of parameters is only advised, if the static or dynamic

Factory settings at delivery

behaviour of the TC.GSS is not acceptable.

Curert difference Q1: 2640

i

Maximum PWM Q1
Voltage sensing

Usesenseinput |~ Max. voltage drop:

Emor level

Emor delay:

50.00—=] =

v

v

ms

<> Bidirectional -

Inverter

DC Link Reference 680. Dle v
Carier recuency =
C.CCJj

| |
CONFIG | PROTECT | ADJUST1 | ADJUSTZ | ADJUSTG4 |

File Window Help
PARAMETERS 10 1BC 140 | IBC INVERTER
CONTROL | IBCCONTROL | STATUS | IBCSTATUS | ERROR | FUNCGEN | SCOPE
Controller (Part of Flash Parameter Set) Fiters
Target  [Default system controller | Mode [Standard - Analog inpuits bandwidth:
Votage @1 Curent G1 Power Q1 Votage @4 CumentQ4  PowerQd Analog outpuls bandwidth
- =1 | =1 | = =
PGan: | e [ 20 [ e [ 2w | 60 [ 2000 Sopes
i 120 - 100 40 40+ 150
FE ‘ = | = ‘ fx | | =1 ‘ | | =l Voltage slope at startup:
DG =] =]
=n = = Voltage slope:
" = = Current slope at startup:
Feedfd 0= 0= o= 0= e
et slope:
P-Adaptiv: 200 = 0 J;l 5 \ "
lave characteristics (Matrix
I-Adaptiv: 200+ 0=
4 =1 =1 Allowed slave vottage emor:
Load rejection (Part of Flash Parameter Set) Quadrant mode limit (Fart of Fiash Parameter Set)

Allowed slave cument emor:

Remote system configuration

TC.MAC SubSystem

System Corfguration . | [ Store setings | Refesh aislay

E> TopControl V4.02.19 {Device on COM32 @38400Baud: TopCon CIR V4.2 / IC. M:

DEVICE INFO

100Hz hd
100Hz hd

[ 15000 vime

configuration)
=

W/ms

Adms
Ams

_\;|;|

__| Configuration state

Controller Parameter Settings:

Parameter | Voltage | Current | Power | Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4

P-Gain 600 200 1000 2000 600 2000

I-Gain 120 30 100 40 40 150

D-Gain 0 0

T1 0 0

Feedfwd 0 0 0 0 Not used yet

P-Adaptiv 200 0

I-Adaptiv 200 0

Table 1

3.2.2 Working into a capacitive mode, voltage control (CV-Mode)

Rule of thumb : P-gain: Voltage controller : 600 + #uF (number of uF’s)
I-gain: 15/ #mF (number of mF’s)

Controller Parameter Settings:
Parameter | Voltage | Current | Power Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4
P-Gain # 200 1000 # 600 2000
I-Gain # 30 100 # 40 150
D-Gain 0 0
T1 0 0
Feedfwd 0 0 0 0 Not used yet
P-Adaptiv 200 0
I-Adaptiv 200 0
Table 2

Regatron AG

Page 15/31




Working into an inductive load, current control (CC-Mode)
Rule of thumb : With increasing inductance increase the P-gain of the current
controller while decreasing the I-gain of Current Controller

Controller Parameter Settings:

Parameter | Voltage | Current | Power Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4

P-Gain 600 # 1000 2000 # 2000

I-Gain 120 # 100 40 # 150

D-Gain 0 0

Tl 0 0

Feedfwd 0 0 0 0 Not used yet

P-Adaptiv 200 0

I-Adaptiv 200 0

Table 3

3.2.3 Using the TC.GSS in a Multi-Unit environment

Table shows a typical set up for a system comprising of 2 * TC.GSS modules
connected in parallel to form a 64 kW / 500V system.

Controller Parameter Settings:

Parameter | Voltage | Current | Power Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4

P-Gain 600 600 1000 300 500 2000

I-Gain 30 30 100 40 40 150

D-Gain 0 0

Tl 0 0

Feedfwd 0 0 0 0 Not used yet

P-Adaptiv 200 200

I-Adaptiv 200 400

Table 4
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3.3 Voltage and Current Slopes

File Window Help

PARAMETERS

Controller (Part of Flash Parameter Set)

110

|
CONTROL | IBCCONTROL | STATUS | IBCSTATUS | ERROR | FUNCGEN | SCOPE

IBC /O

P-Adaptiv 201
I-Adaptiv. 200:

|

Load rejection {Part of Flash Parameter Set)

Cument difference Q1 26.4D-=

Maimum PWM Q1 50.00-

i

Voltage sensing

Quadrart mode limit (Part
<> Bidirectional

lash Parameter Set)

Inverter
DC Link Refersnge:

680, DJ;l v

Carrier frequeficy:

IBC INVERTER
CONFIG | PROTECT | ADJUST1 | ADJUST2 | ADJusTG4 |

DEVICE INFO

Fiters

Slave characteristics (Matrix corfiguration)

Target  |Defaut system cortroller | Mode [Sangers -] fnciog npuis bendwidh; [100z <]
Vohage Q1 CumentQ1  PowerQl Vokage Q4 CumsntQ4  PowerQd Analog outpuls bandwidth, [100Hz <]

PGain: | snnj | 2nnﬁ mnnﬁ | 2mmj | snnj | ZDDDﬁ o

tgan: | 12 | e [ owy [ ag [ ad | w Voiage skpe atstarup: | 19000 Vms

voa [ o [ o Voltoge siope: E

m [ H [ g Cument slope at startup: 18505 Avms

Feedfwd: =] 1= = S Cument slope . ’TIDj =

e |

=00

Alowed slave voltage eror: 5 ....43 %

500 -
Hlowed slave curent emor 500 %

-

Remote system configuration

-
[~ TopControl V4.02.19 (Device on COM32 @38400Baud: TopCon CTR V4.2 / TC. M.

|

_| Configuration state

| Use senseinput [~ Max. voltage drop: v :lv
o2 TC.MAC SubSystem
Emorlevel: =
Ermor delay: ms

System Corfiguraton .. | | Store seftings | Refresh diplay

Voltage slope & slope at startup

This parameter may be used to give the voltage set value a ‘ramp’ functionality.
A change in the voltage set value will occur according to the rate of rise according
to this setting.

- Slope at startup: ramp function activates only at the VOLTAGE ON’ command
- Voltage slope: The preset ramp value is active all the time

Current slope & slope at startup

This parameter enables the user to adjust the ramp time of the output current.
The rate of rise is therefore controlled according to this setting.

- Slope at startup: The current ramp activates only at the ‘VOLTAGE ON’

command
- Current slope: The preset ramp value is active all the time

¥ Note, that the ‘Slope at startup’ function may eventually be terminated
automatically. If the current rise is too fast then the current controller will
take over the process.
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3.4 Constant Voltage Mode Optimisation

Connect your load to the unit and monitor the system voltage and current either

by Topcontrol ‘SCOPE’ or by an external oscilloscope. Refer to the TC.GSS manual
for details of SCOPE functionality. If you encounter unsatisfactory results or want to
optimise the dynamic response then proceed as follows:

Load: e Rather high impedance, e.g. RLoad > Rnom > (Vnom / Inom)

Setvalues |e Vref =0.1to 1 * Vnom (or your load device voltage)
for test: e Iref > Vref / RLoad: This ensures that the voltage controller and not
the current controller is active.

Step 1: e Voltage-D-Gain = 0 (default setting)

e Voltage-I-Gain =0

e Voltage-P-Gain: to be increased from small values (100) to
> 1000, until the output voltage is tending to oscillate. Then
reduce the voltage-P-Gain sufficiently to reach stable
conditions.

Step 2: e Voltage-I-Gain: to be incresed from zero (to ca. 20 t0150 ),
until the output voltage shows no residual error any more.

Step 3: ¢ Run some set value steps either by hand control or automated
by TFE function generator and check for correct settling of
voltage/current. If necessary, repeat steps 1 and 2

Table 5

Note:

If the set value of the Integral-part is low (Voltage-I-Gain in this case), then the
robustness is increased. However, low integral values also cause the controller
speed to decrease.
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3.5 Constant Current Mode Optimisation

Note that the current controller can only be set in CC mode, if the voltage controller
is not operative. This can be achieved by running low impedance loads well below
the nominal load. Thus Ris<(Rnom = Unom/Inom).

Load: e Rather low impedance, e.g. RLoad = 0.1 to 0.5 * Rnom

Set values: | e Iref = according to the choosen Ry
Vref > Iref * RLoad: This ensures that the current controller and not
the voltage controller is active.

Step 1: e Current-I-Gain = 0; Current D-gain =0

e Current-P-Gain: to be increased from small values (50) to
some 1000, until the output current begins to oscillate. Then
reduce the current-P-Gain sufficiently to have stable output

Step 2: e Current-I-Gain: to be increased from small values to max. ca.
1000, until the output current shows no residual error any more
and response is satisfactory.

¢ Run some set value steps either by hand control or automated

Step 3: by TFE function generator and check for fast rise and settling
of voltage/current. If necessary, repeat steps 1 and 2

Table 6

Note:

e The Integral-part should be as low as possible (Current-I-Gain) as this
increases the robustness.

e The smaller the load impedance, the smaller the values (especially for the
Integral-part).

3.6 Constant Power Mode

Step 1: e Power-1-Gain=0

e Power-P-Gain: to be increased from small values (100) to
some 1000, until the output current begins to oscillate. Then
reduce the power-P-Gain to half or quarter of the value.

Step 2: o Power-1-Gain: to be increased from zero (to max. ca. 1000),
until the output current shows no residual error any more.

Table 7

Note:

e The Integral-part should be set as low as possible (Power-1-Gain) because this
increases the robustness.

¢ The smaller the load impedance, the smaller the values (especially for the
Integral-part).
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3.7 Load Steps and Their Parameterisation

In order to adjust the parameters with regard to optimum load step regulation, load
steps should be generated by switching on and off load impedances (e.g. with
external IGBT-switches). By doing so, the controller parameters can be fine tuned in
order to increase the dynamics or minimize the overshoot.

90 %
: |
Output Current 10 % —

N — —
L~ 1
dvol V A A
Vo
Output voltage S
time
Tirl P TIr2
(— <

Figure 7: Load step characteristics

An important requirement is a robust and stable basic setting of the controllers. By
applying load or set value steps, the dynamic behaviour can be optimised step by
step. This can be achieved by using the capability of the TC.GSS to accept
parameter changes during full operation.The SCOPE function found within the
TopControl software provides a convenient method for observing the response after
adjustment of the controller settings. This allows optimisations to be done quickly
and effectively.

Note: that during value steps the CC/CV modes may swap according to load

conditions. This in turn affects the optimisation process:

Unnecessary control mode (CC/CV) swaps should be avoided by appropriate
adjustment of the individual controllers.

Tlrl and TIr2 : In the order of 2-4 msec with Standard Controller
dvol and dVo2: In the order of 10% of nominal voltage*

* When working within the ‘continous current region’ above some 10% of the
nominal current.
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3.8 Load Step Application Specific Examples

A variety of application specific examples are demonstrated below. The screenshots
show the Topcontrol SCOPE tool being used. The SCOPE function is provided
within the standard software that is provided with the unit. TopControl can also be
downloaded from the software section of the website here

In addition to voltage and current traces, the controller Y-output (PWM_ref) and the
Constant Voltage signal (Const_Volt_module) are shown.

3.8.1

File Window Info

ST

CONTROL | STATUS | ERROR| FUNCGEN SCOPE | CONFIG | PROTECT | ADJUST 1 | ADJUST 2 | ADJUST Q4| PARAMETERS | 110 | DEVICEINFO |

~Channel 1 A
|5cope configuation001 cfg <4.2062> * SCTR_Actlmodule
Address:  0x300d80
10f- — == Scope 35350V ¥ active
91 IR ] Dy
B
X : Channel 2
SICTR_Actimodule
B e Address: 0x300d81  Select signal
5l PR | | oo e 7 active
) O S OO PP P PP P PRI 2 ~] adw
‘i B || ~Channet 3 |
2t SR uOD_PWM_Ref
E O TR : : e || Address 04301081 [Select signal
I ; i i i i Scope 5818 ¥ active
10ms. 20ms 30 ms 40ms 50 ms i | /Div
r~ Heampl points Time resolution Trigger Control
- W ( 000 [ms =] || sCTAAcimodde Start anapes [ | [Chamel4 N
Record time; Select trigger... =
ecord fime; 0,05 ms Address: 0x300081 rigger. W o Select signal
Status 1 [ Cursor Actual value: 0 Level 500 A Upload data e = acth
5 pe W active
L) waittortigger| | Time: 51.150ms - 5 oo~
1| Record Vatue: 02D Mode [inmedietely  ~| Delay | 1000 ms File > 5

Figure 8: Stable output Actual values: 363V / 20A

Scope signals:

red = voltage;

blue = controller output;

green = current;

Optimisation of the Current Controller in Stationary Conditions

amber: controller state
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3.8.2

Current step into a Resistive Load

& TopControl ¥4.02.09 (no device connected) =10l
File Window Info
CONTROL | STATUS | ERROR | FUNCGEN SCOPE | CONFIG | PROTECT | ADJUST 1 | ADJUST 2 | ADJUST Q4| PARAMETERS | 1/0 | DEVICE INFO |
~Channel1————————————— &
[Scape configuation002.cfg <4.2062> ~ S\D:FLA:tUrmdule ml
Address: (300480
10f- o o /’”"W“—‘{_ﬂﬁ”ﬁ‘j : o : : o “ Scope  0.20V ¥ active
o S B Channel 2
iy IR Y SICTA_Actimoduls
61 Address 0300081 Select signal
5¢- Scope 0104 ¥ aclive
Fise [2 «] amiw
i || S B
2t uMOD_PWM_Ref
11 Address: 0x3010681  Select signal
0 Scope 0 ¥ active
|1k *| /Div
~ Hsampl points | Time resolution Trigger Control
- H 000 [ms = SCTR_Actimode Start analyse | | [ Charnel¢ .
Record time: 0.05 ms Address: 0x300d81 Select trigger... Options ... Add . Select signal
status Euser Gz U Level 500 A Upload data SWT ~ ::!we
_| waktortigger| | Time: 51.150ms —
e e — Mode [Posiiveedge | Dely | 1000 ms File> on 8 z
Figure 9:
Controller Parameter Settings:
Parameter | Voltage | Current | Power | Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4
P-Gain 600 700 1000
I-Gain 120 280 100
D-Gain 0 0
T1 0 0
Feedfwd 0 0 Not used yet
P-Adaptiv | 200 0
I-Adaptiv 200 0

Figure 9 shows a stable setting of the current controller, amplitude 20ADC. The
controller always runs in the CC mode as displayed by the amber trace. The pulse
rise time 10% to 90% Iset is about 2msec, a typical value for TC.GSS family.

By using the ‘NT controller’ facility, these rise times may be reduced significantly.
See section 4 for details.
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3.8.3 Current step into a Resistive Load: Current-I-Gain too slow

% TopControl ¥4.02.09 (no device connected) =101 x|
File Window Info
CONTROL | STATUS | ERROR | FUNCGEN SCOPE | CONFIG | PROTECT | ADJUST 1 | ADJUST 2 | ADJUST 04| PARAMETERS | 1/0 | DEVICEINFO |
Channel 1 [
|Scope configuration003.cfg <4.20.62> * 4 | [Autoscale] | siCTR_Actumodie i
Address:  0x300d80 | Select signal
B By e
| G [so =] voiv
gl
B - Channel 2
siCTR_Actimodule
Address: 04300081 Select signal
Scope 0934 V' active
|2 v| ADiv
-~ Channel 3- =
uMOD_PWM_Ref
Addiess: 0301061 Select signal
Scope 143 ¥ active
k=] MDiv
[~ #samplpoints | [~ Time resolution ~ Trigger ~ Control
— 0050 [me =] SCTR_Actimodue Start analyse Charnl o>
| | | Recordtime: 0.05ms | | Adchess: 0x300081 Select tigger... Opicna, i SasTand
[ o Getseedl Level 500 A Upload data Scope  active
| wsitfortigger | | Tine: 51.150ms —— oo =]
| Record Vole: 0.2Div Mode [Posiive edge ¥ Delay | 10.00 ms File > 001 ¥ ol
Figure 10:
Controller Parameter Settings:
Parameter | Voltage | Current | Power | Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4
P-Gain 600 700 1000
I-Gain 120 70 100
D-Gain 0 0
T1 0 0
Feedfwd 0 0 Not used yet
P-Adaptiv | 200 0
I-Adaptiv 200 0

In this example, the controller I-gain is set too low according to a slow integration
time. The rising and falling edges are stable, but quite slow. This is because the
Current-1-Gain controller has been set to 70 rather than 280 as shown in Fig. 9.
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3.8.4 Current step into a Resistive Load: Current-P-Gain too high

Fle Window Info
CONTROL | STATUS | ERROR | FUNCGEN SCOPE | CONFIG | PROTECT | ADJUST1 | ADJUST 2 | ADJUST 04| PARAMETERS | 10 | DEVICE INFO |
Channell————————————— a
IScope configuration004.cfg <4.2062> * z| Zoomed Amoscdel SiCTR_ActUmodule I
|| Address: 0x300d80 | Select signal
{1} EERR R PPR PP PPRERTRRY T A f\‘f‘i,f\ I/\/\j\f\f\/v‘./w‘-a’\;’\.-"d\/\/\)»» sherneegnnseensreson o d- M RSCORSISRIION W active
Vv : : ‘ : g [0 =] voi
/ NNNANINRII LI, \ : ; SICTR_Actimodule
Bt----- vy 'JN’A‘”'” RS T YIS CE VP TCTRTN RTTSTUTS (| STPPOTIIS P L PPUOT PRI PE Address: 0¢300d81  Select signal
: \ : Scope 0104 [ active
ne 2 ~] Ay
Channel3—————————————
| O | uMOD_PWM_Ref
Address: 0¥301061 _ Select signal
| J Scope O [V active
10ms 20ms. 30ms. 40ms 50 ms 1k ~| /miv
- #sampl.points | [~ Time resolution ~ Trigger ~ Control
- 0050 [ms =] SCTR_Actimodue Start analyse e
Record time: 0.05 ms Address: 0x300d81 Select trigger... Options ... Address: Select signal
SR fECe Actual value: 0 Level 5.00 A Upload data Scope IV active
__| Waitortigger | | Time: 51150ms
i e Mode [Posiive edge | Delay | 1000 ms File > 01 ¥ il
Figure 11:
Controller Parameter Settings:
Parameter | Voltage | Current | Power | Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4
P-Gain 600 3000 1000
I-Gain 120 280 100
D-Gain 0 0
T1 0 0
Feedfwd 0 0 Not used yet
P-Adaptiv | 200 0
I-Adaptiv 200 0

The Current Controller P-gain in figure 11 is set too high resulting in an almost
permanent oscillation of both current and voltage. This is caused by the

Current -P-Gain controller being set to 3000 which is over 4 times the stable value
of 700 shown in Fig 9)

Note:

e Current rise and fall times are faster than in figure 9.
e Oscillation of the DC output current of several Amps is not ideal and should
be avoided.
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3.8.5 Current step into a Capacitive Load

Highly capacitive loads present special conditions to the controller, as a step in
voltage is no longer possible. Therefore, a current flow is necessary to alter the

voltage of the capacitive load.

% TopControl ¥4.02.09 (no device connected)

File window Info

=10l

CONTROL | STATUS | ERAOR | FUNCGEN SCOFE | CONFIG | PROTECT | ADJUST1 | ADJUST 2 | ADJUST 04| PARAMETERS | 1/0 | DEVICE INFD |

- Channel 1 =
[Scope configuration00 cfg <4.2062> * S\E:H_ACIUmudule N
Address:  0x30080
Scope  137.10¥ W active
g 50 ¥ voiv
8l
2. Channel2
SICTR_Actimodule
B Addiess: 0x300681  [Select signal
51 Scope  055A ¥ active
4t 2 >| ADw
iy H  Channel3 i
2t 2 o || uMOD_Pwh_Ret
1§+ ¢ Address: 0x301061  Select signal
P ——— 3 , ; : H w34 || Scope 510 ¥ active
10 ms 20ms 30 ms 40 ms 50 ms m /Div
r Hsampl points Time resolution Trigger ~ Control
= } ’V 0050 [me = SCTR_Actimodue Stat analpse recehl i
Fecord tine: 0.05 ms Adchess: (x300381 Select rigger Options . o =
-jau‘:‘“ Ewkinnef. ::' 51.150 ms et 0 e e Seeat i IF| ctve
| Recond Ny Mode [Posiive edge ¥| Delay 1000 ms File > o =] £
Figure 12:
Controller Parameter Settings:
Parameter | Voltage | Current | Power | Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4
P-Gain 600 2000 1000
I-Gain 120 150 100
D-Gain 0 0
T1 0 0
Feedfwd 0 0 Not used yet
P-Adaptiv | 200 0
I-Adaptiv 200 0

The green trace shows the programmed current step into a capacitive load. While
the current settles within a very short time of <lmsec, the voltage (red trace)

increases during the current pulse time. Blue trace = controller output Y.
The Current Controller settings (P-gain=2000; I-gain=150),are typical for capacitive
loads.
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3.8.6 Current step into a Capacitive Load: Current-P-Gain too high

If the P-gain is set too high the result is often damped oscillations at the leading
edge of a pulse. If the P-gain is increased further, a steady oscillation will occur.

f TopControl ¥4.02.09 (no device connected)

File window Info

1G]

CONTROL | STATUS | ERROR | FUNCGEN SCOPE | CONFIG | PROTECT | ADJUST1 | ADJUST 2 | ADJUST 4| PARAMETERS | 140 | DEVICE INFO |

|Scape configuration007.cfg <4.2062>

- Channel 1
SICTR_ActUmodule

Address:  0x30080

Scops  13750% W active

50 >| Vv

Channel 2
SICTR_Actimodule

Address: 0x300d81  Select signal

Scope  055A ¥ active
= aow
(- Channel 3 B
uOD_PwM_Ref
Address: 0x301061 MJ
Scope 611 ¥ active
500 ~| /MDiv
1~ Hsampl. points Time resolution Trigger Control
- } [ 0050 [me =] || sCTA.Actimodue Start analse [ | [Chemnel4 )
Record time: 0.05 ms Address: 0x300d81 Select trigger... Options ... Address: Select signal
.jw\":fe\t for trigger :::' 51.150 ms e 0 Lt = w‘ ) = a;we
| Recond s ST Mode [Posiiveedge ¥| Dely | 1000 ms File > 01 |8 =
Figure 13:
Controller Parameter Settings:
Parameter | Voltage | Current | Power | Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4
P-Gain 600 3000 1000
I-Gain 120 150 100
D-Gain 0 0
T1 0 0
Feedfwd 0 0 Not used yet
P-Adaptiv | 200 0
I-Adaptiv 200 0

The only setting difference is the increase in the Current-P-Gain. Reducing it back
to 2000 will achieve satisfactory results as shown in figure 12.
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3

8.7

Current step into an Inductive Load

In this example, the controller is well parameterised, giving a stable output.

Ll
File Window Info
CONTROL | STATUS | ERROR | FUNCGEN SCOPE | CONFIG | PROTECT | ADJUST 1 | ADJUST 2 | ADJUST Q4| PARAMETERS | 110 | DEWICE INFO |
- Channel 1 a
[Scope configuation0017.clg <4.2062> = ] Zoomed | [Auto sode] :.ic:n_,amumu\e I
Address: 04300080 [ Select signal
10 . T ; Scope  0.00V ¥ active
9t [fo =] woiv
8t o5 -
x : : Channel 2
k: g SICTA_Actimodule
Bt g Address: 0300431 Select signal
5 Scope 0004 ¥ active
4} " 2 ~] amiv
g ~Chanel3—————————————
p S : WMOD_PWM_Ref
J i Address 0x301061  Select signal
K : N : - H Scope 0 v active
10ms 20 ms 30ms 40ms 50ms m Div
r Heampl points Time resolution Trigger Control
- } ’V 0050 [me =] || sCTR Actmodie o] | i ——
Record lime: 0.05ms Address: 0x300381 Seloct tigge... Options ... A;d v 04300 | s;bd ignal
3513 B Actual value: 0 Level 500 A Upload data Smr:j: ~ ::we
_| waittortrigger| | Time: 51150 ms
| Record T Mode [Posiiveedge ] Delay [ 1000 ms Fie > 01§ e
Figure 14:
Controller Parameter Settings:
Parameter | Voltage | Current | Power | Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4
P-Gain 500 2000 1000
I-Gain 50 150 100
D-Gain 0 0
T1 0 0
Feedfwd 0 0 Not used yet
P-Adaptiv | 200 0
I-Adaptiv 200 0
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3.8.8 Current step into an Inductive Load: Voltage-I-Gain too low

In this example, the controller output raises too slowly due to a low setting of the
Voltage controller I-gain (30) instead of (50).

o
File Window Info
CONTROL | STATUS | ERROR | FUNCGEN SCOPE | CONFIG | PROTECT | ADJUST 1 | ADJUST 2 | ADJUST Q4| PARAMETERS | 1/0 | DEWICE INFO |
- Channel 1 a
[5cope configuiation0018.clg <4.2062> * =] _Zooned | [Autoscae] s‘mngﬁtumme M
Address: 030080
10 : T | T Scope  0.00V ¥ active
S 50 > Wi
8 o
: Channel 2
g SCTR_Actimodule
51 : Address 0x300d81  Select signal
5 Scope  0.004 ¥ active
ne o [ =] aow
a}- 1| ~chameiz b
p cods WMOD_PWM_Ref
L i Address: 0301081 M}
o e 3 H ; 5 Scope 0 ¥ active
Thms Hme Fms T0me N e
r~ Heampl points Time resolution Trigger Control
- W ( 0050 [me =] || sCTR_Actmodie Startanalyse | | [ Chamnel ¢
Record time: 0.05ms Address: 0x300d81 Select tigger... Options .. p— s =
Status Cursor Actusl value: 0 evel [ 500 :
| waktortigger | | Time: 51150 ms . L < L So%e ¥ acive
Dli Vet 013000 Mode [Posiive edge =] Delay | 1000 ms Fie > for =] o
Figure 15:
Controller Parameter Settings:
Parameter | Voltage | Current | Power | Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4
P-Gain 500 2000 1000
I-Gain 30 150 100
D-Gain 0 0
T1 0 0
Feedfwd 0 0 Not used yet
P-Adaptiv | 200 0
I-Adaptiv 200 0
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3.8.9 Complex Load Example: Periodic Cycling of a Battery

A battery forms a rather complex load as from zero volts up to V¢ N0 current will
flow. As soon as the power supply voltage reaches V. the current will rise rapidly
due to the low impedance of batteries.

Cycling batteries means that this process will appear also in discharge mode.
Therefore the TC.GSS has to switch between Q4 (sink) mode and Q1 (source)
mode periodically. Optimising the unit for this case may not only need adjustment of
the PID controllers, but may also require the ‘Adaptive parameters’ to be altered.
The P-Adaptiv and I-Adaptiv controllers work mainly in the low current range to
speed-up the current rise and fall times. The adaptive controllers also affect the
guadrant changeover time. See the example below:

& TopControl ¥4.02.09 (no device connected) =1oIx|

File Window Info

CONTROL | STATUS | ERROR | FUNCGEN SCOPE | CONFIG | PROTECT | ADJUST 1 | ADJUST 2 | ADJUST Q4| PARAMETERS | 110 | DEWICE INFO |
r~Channel 1

|»

Channel 2
sICTR_Actimodule

Address: 0x300d81  Select signal

Scope  -49.70A ¥ active

5 v| ADw

Channel 3
siCTR_ActControllerOut

Address: 0x300daa  Select signal

|5:Dpe configuiation021.cfg <4.20.62> * ZI Zoomed | | Auto sr.alel SsiCTR_ActUmodule
Address: 0x300d30 | Select signal
10 - r——--"-""-'-"'""JI Trranredesees - 9 e T e an £ s . . Scope 11860V ¥ active
[ : | W = vow
. . r—— 0 o
AR R laggoosocuoocoavedt

Scope  -3086 ¥ active
500 ¥ /Div
- #samplpoints |~ Time resolulion -~ Trigger - Cantrol
- 0100 [me = SCTR_Actmode Start anayss | | [ Chenmel 4
| | Recordtime: 0.10ms | | Address: 0x300d81 Select gger Options ... et Select signal
Lt e || At value: 0 Level 500 A Upload dota - Fleme
_| waktortigger| | Time: 102300ms
(e — Made [Posiiveedge ¥| Delay [ 1000 ms File > 01 = i

Figure 16: Cycling of a battery pack

Controller Parameter Settings:

Parameter | Voltage | Current | Power Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4
P-Gain 1600 2400 1000 300 1100 2000
I-Gain 30 35 100 6000 45 150
D-Gain 0 0
T1 0 0
Feedfwd 0 0 0 0 Not used yet
P-Adaptiv | 200 500
I-Adaptiv 1000 500

Figure 16 shows the behaviour of a TC.GSS in cycling mode. The green trace
depicts the current, which is either charging or discharging the battery pack. An
entire swing from full charge to full discharge and vice versa takes some 3-4 msec.
The crossover of quadrants was optimised by the ‘adaptive parameters’, see
parameter value table below the picture.
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e
File Window Info

CONTROL | STATUS | ERROR | FUNCGEN SCOPE | CONFIG | PROTECT | ADJUST 1 | ADJUST 2 | ADJUST 04| PARAMETERS | 110 | DEVICE INFO |
~Channel 1
SICTA_ActUmodule

Address: 0x300d60

Scope 11320V v active

20 >| WD

Channel 2
SICTR_Actimodule

Address:  0:300d31  Select signal

Scope 49734 I ective
5 +] ami

i~ Channel 3
siCTR_ActControllerOut

Address: 0x300daa  Select signal

|Scape configuation022.clg <4.20.62>

Scope  -3087 v active
500 +] /Div
- tsamplpoints | - Time resolution Trigger Control
- w [0100 [ms =] || sCTA_Actimodue Statanayse [ | [Pl o
Record time: 0.10 ms Address: 0x300d81 Select trigger... Options ... Address: [ Select signal
ilall:‘ ' CT'W Actual value: 0 Level [ 500 4 Upload data Scope ¥ active
- H:;:m“m \1:: LD;:;?VN Mode [Fostve odge ] Delsy [ 1000 ms Fie > 01 | =

Figure 17: Cycling of a battery pack with a sub-optimal TC.GSS parameter set.

Controller Parameter Settings:

Parameter | Voltage | Current | Power Voltage | Current | Power Remarks
Q1 Q1 Q1 Q4 Q4 Q4
P-Gain 1600 2400 1000 300 1100 2000
I-Gain 30 35 100 6000 45 150
D-Gain 0 0
Tl 0 0
Feedfwd 0 0 0 0 Not used yet
P-Adaptiv | 200 500
I-Adaptiv 200 500

In the example shown in figure 17, the adaptive parameters are not optimised for
the application. The leading edge of the green current slope shows that at low
current, the rate of rise is very small. This unnecessarily extends the current rise
and total cycling time.
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4. The novel NT-Controller

4.1 Principle of Operation

This section is under construction

41.1

This section is under construction

k> TopControl V4.02.19 (Device on COM32 @38400Baud: TopCon CTR V4.2x / TC.GSS)

File Window Help

PARAMETERS

Controller {Part of Flash Parameter Set)

170

|
CONTROL | IBCCONTROL | STATUS | IBCSTATUS | ERROR | FUNCGEN | Scope

IBC 11O

Load rejection {Part of Flash Parameter Set)
Cument difference Q1: 2640+

i

Madmum PWM Q1

Voltage sensing

5000 +

Target  [Default system controller | |Mnde [High Dyramics  +| |
Voltage Q1 Cument Q1 Power Q1 Voltage Q4 Currert G4 Power Q4

PGan: | 500 | o] [t | 500 | o [ 2000

1Gain: | 60 | 2] | | 80 | 20 [ w0

DGain s [ 0y

Feedfwd: 0 5' D- 5' D- 5' 0 EI

P-Adaptiv a [ 0

e [ 02 [ 02]

Quadrant mode limit (Part of Flash Parameter Set)

<> Bidirectional -
Inverter
620, DJQ v

DC Link Reference:

CONFIG |

Slave characteritics (Matrix configuration)
—

Allowed slave voltage el

Allowed slave cument ermor:

IBC INVERTER DEVICE INFO
PROTECT | ADJUST1 | ApJusT2 | ADwusTaQ4 |
Fiters
Analog inputs bandwidth: | 100Hz -

Analog outputs bandwidth: [100Hz -

Slopes

Voltage slope at startup: 0.0 Vims
Voltage slope: 75DDDJ:| Vims
Cument slope at startup 16.50 5' Adms
Curent siope: 1650=] Ams

mor:

Remote system corfiguration

Typical Parameter Settings in High Dynamics-mode

Use senseinput [~ Max, vaktage drap v Carierfrequency [ | Gonfigumtion stete
L Error level v ’TI:J [ Cotauatne:
Feedhy m System Configuraton .. | [ Sioe setings | Aefesh display

Controller Parameter Settings:

Parameter | Voltage | Current | Power Voltage | Current | Power Remarks

Q1 Q1 Q1 Q4 Q4 Q4

P-Gain 500 100 1000 500 100 2000

I-Gain 60 20 100 60 20 150

D-Gain 500 0

T1 0 0

Feedfwd 0 0 0 0 Not used yet

P-Adaptiv | 200 0

I-Adaptiv 0 0
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