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Abstract—The article is devoted to the development of a digital control system for the unstable
vertical plasma position in the KTM tokamak. A controller with fixed parameters was synthe-
sized using an array of plant models. The synthesized controller ensures the desired control
performance and robust stability margins simultaneously for two plant models with varying
parameters. A robust stability analysis was carried out. The performance of the system was
verified through hardware-in-the-loop (HIL) simulation using a complete nonlinear model of
the voltage inverter, taking into account its maximum current and voltage limitations.
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1. INTRODUCTION

Control systems for the vertical plasma position are critically important for the operation of mod-
ern D-shaped tokamaks, where the plasma is elongated vertically in the poloidal cross-section [1-4].
The vertical position of the plasma in such tokamaks is inherently unstable, so a feedback control
system is employed to provide plasma discharges. The vertical plasma position is controlled via a
magnetic field generated by the current in the horizontal field coil (HFC) [5]. The vertical plasma
position control system must ensure the stability of the plasma’s vertical position and achieve the
desired scenario for the vertical plasma position throughout the discharge.

The KTM tokamak (Kazakhstan Tokamak for Material testing) [6, 7] is located in Kurchatov,
Kazakhstan. In addition to the HFC, the tokamak uses six poloidal field (PF) coils, a central
solenoid (CS) for induction of the plasma current, a toroidal field coil, and a passive stabilization
coil for the plasma position. Figure 1 shows the coil arrangement of the KTM tokamak.

The plasma in the tokamak is a non-stationary control plant; in particular, the dynamics of
the vertical plasma position can change significantly during a discharge and may vary strongly in
discharges with different scenarios. Previously, in [8], models of vertical plasma displacement were
calculated for several shots, a control system for the HFC current was synthesized, and estimates
of the controllability region for the vertical plasma position were obtained. A new HFC power
supply, implemented as a voltage inverter operating in pulse-width modulation (PWM) mode, is
planned for commissioning at the KTM tokamak. The goal of this work is to develop and perform
hardware-in-the-loop simulation of a digital control system for the vertical plasma position with
the new power supply. A static controller is synthesized to provide acceptable control quality and
the necessary robust stability margins for the closed-loop control system under two different plasma
discharge scenarios.
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Fig. 1. Cross-section of the KTM tokamak.

Hardware-in-the-loop simulation [9] is an important stage before implementing the developed
control system in experimental practice. In this method, the controller operates on real equipment
that is functionally identical to what will be used in practice. With sufficiently accurate model-
ing of the controlled plant, hardware-in-the-loop simulation can guarantee the operability of the
developed control system’s and reduces implementation costs. This work proposes a methodology
for conducting hardware-in-the-loop simulation of a cascade control system for the vertical plasma
position and presents its results under various operating modes.

The problem statement, the structural diagram of the synthesized control system, and the
description of the plasma models used are provided in Section 2. Section 3 describes the synthesis
of the cascade control system for the vertical plasma position. Section 4 presents the analysis
of the robust stability margins of the synthesized system in terms of gain and delay. Section 5
includes the results of hardware-in-the-loop simulation of the synthesized control system in normal
and extreme operating conditions, enabling the verification of results obtained in Sections 3 and 4.
The conclusion summarizes the main findings. The appendix compares the digital control system
synthesized directly on the discrete plant model with the discretized system tuned on the continuous
model, assuming the same tuning method is used for both, this is the justification for the choice of
the control system synthesis method.

2. PROBLEM STATEMENT

The structural scheme of the digital cascade control system for the vertical plasma position in
the KTM tokamak is shown in Fig. 2, where Z,.; is the reference for the vertical plasma position,
Z is the vertical plasma position, ez = Z,.y — Z is the vertical plasma position error, Igrc ref is
the reference for the HFC current, I'gpc is the HFC current, e, .. = Inrc ref — IgFc is the HFC
current error, Ugpc is the HFC voltage, and upy ps is the control signal.

The actuator in the control system is a power supply for the HFC, implemented as a voltage
inverter operating in PWM mode with the following parameters: three voltage levels [—1, 0, 1] kV;
power of 2 MW, corresponding to a maximum current of +2 kA; and a PWM frequency of 1 kHz.
The voltage inverter consists of an H-bridge and a PWM controller, which converts the control
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Fig. 2. Block scheme of the digital cascade control system for plasma vertical position in KTM with a voltage
inverter in PWM mode.

Fig. 3. Schematic diagram of an H-bridge with a DC voltage source.

signal upyw s into pulse sequences vi_4 that control the H-bridge transistor gates (Fig. 3). There is
no digital-to-analog converter (DAC) in the control system; instead, the PWM controller, as part
of the digital control device, directly drives the gates of transistors via optocouplers with its digital
outputs vi_4.

The HFC comprises two sections connected in a series-opposing configuration. The voltage and
current in the HFC are related by

Linrc(t) + Rlgpe(t) = Unrc(t),

where R = 212 m(2 is the HFC resistance, and L = 17 mH is the HFC inductance. The discrete
transfer function of the HFC is
R(1 - exp(~T,R/L))

z—exp(—TsR/L)
where z is the Z-transform variable, and 75 = 1 ms is the sampling time.

Pyro(z) = Inrc(z) = Purc(2)Unrc(2), (1)

Models of vertical plasma displacement in the KTM tokamak [8] were obtained from experimen-
tal data for two of the most typical plasma shots with a plasma current of 500 kA from the last
experimental campaign [10]: shot no. 5121 with an elongation (the ratio of vertical to horizontal
plasma diameters) of 1.4 and a normal duration, and shot no. 5126 with an elongation of 1.6 and
a short plasma confinement time. These models are represented as linear state-space models with
time-varying parameters in discrete time:

z(Tsk + Ts) = A(Tsk)x(Tsk) + B(Tsk)u(Tsk)
y(Tsk) = C(Tsk)x(Tsk),

T 1T T 24x1 8x1 : .
where x = [IPF Iy, Ip} € R**** is the state vector, Ipp € R°*" is the vector of currents in

the poloidal field coils (including Igpc), Iyy € RYX! are the currents in the vacuum vessel and
passive structures, Ip is the plasma current, u = Ugpc is the input, and y = [Z I HFC]T is the
output vector.

For each vertical plasma displacement model, the set of matrices {4, B, C'} was calculated with
a sampling time of Ty = 1 ms:

(1) Model of shot no. 5121 — for 1001 time points from 2.50 to 3.50 s;

(2) Model of shot no. 5126 — for 61 time points from 2.44 to 2.50 s.
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Fig. 4. Change in the magnitude of the single unstable pole of the plasma vertical motion models during the
shot.

Both models have one unstable pole that varies significantly during the shot, as shown in Fig. 4.
For controller synthesis, an array of discrete transfer functions was computed:

Po(2) = Cp(2I — A,) By, (2)
where the index n denotes the time point for which the model matrices were calculated:
A, = A(Tsn), B, = B(Tsn), and C, = C(Tsn).

The controller must ensure that the control system has the necessary robust stability margin
to provide acceptable control quality simultaneously for both vertical plasma displacement models
with time-varying parameters. The control system must also have a sufficient phase stability margin
to maintain stability when a transport delay of up to 10 ms (10 sampling steps of 1 ms each) is
introduced into the feedback loop, which is the upper limit of possible delays in the data acquisition,

processing, and transmission system of the KTM tokamak. The delay is modeled by incorporating
a discrete transfer function 2710 into the feedback loop.

3. CASCADE CONTROL SYSTEM SYNTHESIS

The controllers in both control cascades were synthesized using the method described in [11],
which allows for the synthesis of a discrete controller based on a set of discrete plant models and
performs loop shaping of the open-loop transfer function. The synthesis is carried out using linear
matrix inequalities through a convex-concave procedure. An alternative approach is discussed in
the Appendix, where the controller is synthesized based on the continuous-time model of the plant,
and then the controller is discretized.

First, the inner current control loop for the HFC is synthesized based on the model (1). The
linear model of the voltage inverter was obtained by identifying the serial connection of the HFC
and the voltage inverter using the approach described in [12]. As a result, a PI-controller was
synthesized with the discrete transfer function

Tsz
Curc(z) = Kpype + KIHFCZ%l’ upwm(2) = Cz(2)enrc(2), (3)
where Kp, .. = 0.004 V/A and Ky, .. = 0.15 V/(A x s). The output of the controller, upw s,
is limited to the range +1 V, which is determined by the parameters of the PWM controller. The
synthesized current control system for the HFC provides the fastest possible performance subject
to the limitations of the power supply, which allows the current rise rate in the HFC to reach

Umax/L = 58.8 kA/s. This control system was used in [§] to estimate the controllability region of
the vertical plasma position.
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Fig. 5. Bode plot of the transfer functions of the plasma vertical position control system.

The synthesis of the outer control loop was performed on the set of discrete transfer functions
of the inner loop: Z(2) = Gn(2)Inrc ref(2),

Gn(2) = Pa(2)A(2)Crrc(2) (I + Pa(2)A(2)Crre(2)) o (4)

where A(z) = Unmaxz~ FPwat/Ts jg the linear model of the voltage inverter, Upax = 1 kV, Tpwm/Ts =1,
and n is the index from (2). Thus, one controller will meet the given quality and robust stability
criteria simultaneously for both models with variable parameters. As a result, a PID-controller was
synthesized with the discrete transfer function

& + Kp, %7 Inrc Tef(z) = OIHFC(Z)eZ(Z)7 (5)
S

where Kp, =245.3276 A/m, K1, =3.831 kA/(mxs), Kp, =0.366 (Axs)/m. The output Iypc ref

of the controller, is limited to the range +2 kA.

The Anti-Windup approach [13] was implemented during the synthesis of the controller to
prevent saturation of the controller’s output signal and the subsequent internal instability in the
control system. In both controllers, a clamping mechanism is used, whereby integration is stopped
when the signal at the controller output is outside the set range, and the output and input of the
integrator have the same sign.

Figure 5 shows the results of controller synthesis using the method from [11], including the
specified shaping functions and singular values of the discrete transfer functions of the synthe-
sized system with models for the time points [3.229;3.299; 3.449] s from shot model no. 5121 and
[2.479;2.489;2.5] s from shot model no. 5126.

The open-loop transfer function array is given by

Ln(2) = Gu(2)C2(2),  Z(2) = Lu(2)ez(2), (6)

CZ(Z):KPZ+KIZZ_1
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where Gy, (2) is the array of inner loop transfer functions from (4), and Cz(z) is the transfer function
of the controller (5). The sensitivity function array is given by

Sul2) = (I+La() " e2(2) = Su(2) Zres (o),
the array of complementary sensitivity functions is
Ta(2) = Ln(2)Sn(2),  Z(2) = Sn(2)Zres(2),
the array of static and low-frequency sensitivity functions is
Fu(2) = (Gu(DE1, 1) (2= 1), for small w, = = exp(juTh),
the array of Q-parameters is
Qn(2) = Cz(2)Sn(2),  InFc ref(2) = Qn(2)Zres(2)

and the array of transfer functions from external input disturbance to ez(z) is

Whi(z) = —Sn(2)Gn(z).
The specified shaping functions bg and by limit the arrays of transfer functions Sy, (z) and T},(z) over

the entire frequency range, ensuring the required robustness and quality margins for the closed-loop
control system.

4. ROBUST STABILITY ANALYSIS OF THE PLASMA POSITION CONTROL CASCADE

To calculate the robust stability margins of the closed-loop system, the open-loop transfer func-
tion array (6) was used. Figure 6 shows the gain margins, and Fig. 7 shows the delay margins.
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Fig. 6. Gain margin of the linear closed-loop control system.
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Fig. 7. Delay margin of the linear closed-loop control system.
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Fig. 8. Robust stability diagram of the nonlinear control system.

The delay margin T); was calculated using the formula [14]:

_Pu T
M, 1807

where ¢,/ is the phase margin, and w, is the gain crossover frequency (the frequency at which the
open-loop gain first reaches the value 1). In the worst-case scenario, which occurs at the end of
both shots, the synthesized control system has a satisfactory gain margin of 10 dB (Fig. 6). The
delay margin (Fig. 7) also exceeds the required 10 ms throughout both shots.

Figure 8 shows the stability diagrams of the nonlinear control system with the full model of the
voltage inverter and the plasma vertical displacement model with variable parameters.
No. 1 2025

AUTOMATION AND REMOTE CONTROL Vol. 86



HARDWARE-IN-THE-LOOP SIMULATION OF CONTROL SYSTEM 55

The delay and gain in the plasma vertical position feedback loop were varied. The nonlinear
system has a limited controllability region, so the larger the reference input Z,.r, the smaller its
robustness margins. Green indicates situations where the system is asymptotically stable, red
indicates instability, and yellow shows the robustness margins of the linear model in the worst-case
scenario (Figs. 6 and 7).

5. HARDWARE-IN-THE-LOOP SIMULATION

Hardware-in-the-loop simulation of the digital control system was conducted on the real-time test
bed [15] at the Trapeznikov Institute of Control Sciences of RAS on two real-time target machines
(RTTM). The structural scheme of the control system for hardware-in-the-loop simulation is shown
in Fig. 9.

_ """ I 2 S RTTM "Plant model" '

C UPW M H-bridge | Uy pe
HFC model

.............................................................................................................

]HFC' ref

Fig. 9. Block diagram of the digital cascade control system for plasma vertical position in KTM during
Hardware-in-the-loop simulation.

The digital controller is implemented on the RT'TM “Controller,” where, in addition to the
controllers of both cascades, there is a PWM controller. This approach eliminates the need for using
a DAC, which enhances the system’s reliability and performance since the control signal upyy s is
not converted to analog. It is not necessary to spend time converting the signal to the DAC, also
there is no need to ensure electromagnetic compatibility in the transmission line for the analog
signal upy s, and the cost of implementing the PWM controller in analog form is reduced

On the RTTM “Plant model” is the model of vertical plasma displacement and the H-bridge
model with a constant voltage source implemented in Simscape Electrical. The sampling time for
the controllers is 1 ms, while the sampling time for the PWM controller, the H-bridge, and the
vertical plasma displacement model is 100 ps. The sampling times differ by a factor of 10 to allow
the PWM duty cycle to be 10%. If the control system implementation requires even smaller PWM
duty cycle, the PWM controller can be implemented on an FPGA.

The concept of hardware-in-the-loop simulation of control systems assumes that part of the
system is real, while the other part is represented by a model. In this case, all components of
the controller are implemented on the RTTM “Controller.” To make the controller functionally
analogous to the one that will be used in the real control system (Fig. 2), there are two DACs at
the output of the RT'TM “Plant model.”

5.1. Control System Simulation in Normal Operating Conditions

The results of hardware-in-the-loop simulation of the synthesized system in normal operating
condition with a reference for the vertical plasma position of 5 cm are shown in Fig. 10. In addition
to the transient process of the vertical plasma position and electrical signals from the power supply

AUTOMATION AND REMOTE CONTROL Vol. 86 No.1 2025
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(a) Shot no. 5121 model (b) Shot no. 5126 model
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Fig. 10. Simulation of the plasma vertical position control system in KTM. The reference displacement is
Zrey = 5 cm.

(voltage, current, and power), the change in the unstable pole of the model for each shot is shown.
The synthesized controller provides acceptable control quality for both vertical plasma displacement
models. The required power of the voltage inverter does not exceed 1.2 MW, with a maximum
possible power of 2 MW.

5.2. Control System Simulation in FExtreme Operating Conditions

Figure 11 shows the results of hardware-in-the-loop simulation with the maximum vertical
plasma displacement, at which the closed-loop system remains stable and provides acceptable con-
trol quality, and Fig. 12 shows the results for the maximum possible delay in the feedback loop for
vertical plasma displacement. A plasma displacement of more than 10 cm vertically in the toka-
mak KTM is not required in practice, as this would cause the plasma separatrix to collide with the
tokamak limiter. Therefore, the synthesized control system allows the control of vertical plasma
position in the KTM tokamak over the entire possible range. In both cases, the delay exceeds the
required 10 ms.

In [8], the upper bound of the vertical plasma position controllability region was calculated. For
shot no. 5121 it is 23 cm, and for shot no. 5126 it is 26 cm. The actual controllability region for
shot no. 5121 is 4 cm larger than the previously estimated value, which is explained by the fact
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(a) Shot no. 5121 model, Z,.y = 27 cm (b) Shot no. 5126 model, Z,.;y = 22 cm
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Fig. 11. Simulation of the plasma vertical position control system in KTM. The reference displacement is
Zref =5 cm.

that [8] used a model for one time point of the shot with the highest value of the unstable pole,
which is not at the end of the shot, and any potential instability does not have time to develop.
This also explains why the maximum delay of 14 ms (Fig. 12a) exceeds the minimum delay margin
(Fig. 7a).

6. CONCLUSION

The operability of the control system has been demonstrated through hardware-in-the-loop
simulation on two models of vertical plasma displacement, calculated based on experimental data
from discharges with different scenarios. The full model of the voltage inverter in PWM mode,
accounting for power limitations, was used in the simulation. With sufficient verification of the
models used, the hardware-in-the-loop simulation guarantees the functionality of the control system
when implemented in practical experiments.

The maximum possible vertical plasma displacement in the synthesized system with a voltage
inverter in PWM mode is 27 cm for shot model no. 5121 and 22 c¢cm for shot model no. 5126, which
exceeds the actual required range of 10 cm. The maximum possible transport delay in the feedback
loop for vertical plasma position, at which stability and acceptable control quality are maintained,
is 14 ms for shot model no. 5121 and 23 ms for shot model no. 5126, which also exceeds the required
value of 10 ms.

This work used a robust approach, where one controller is synthesized to meet the control
quality and robust stability margin criteria simultaneously for multiple models of vertical plasma
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Fig. 12. Simulation of the plasma vertical position control system in KTM with the maximum possible delay
in the feedback loop.

displacement. An alternative adaptive approach is possible, where the controller is tuned for a
specific scenario or its parameters change during the discharge. The adaptive approach allows for
better control quality since, in the case of the robust approach, the control quality is limited by
the “worst-case” plant model. In this task, the robust approach is preferred over the adaptive one,
as it does not require retuning the controller when the plasma discharge scenario changes.
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APPENDIX

COMPARISON OF THE DIGITAL CONTROL SYSTEM
WITH DISCRETIZED ANALOG CONTROL SYSTEM

The synthesis method [11] allows for the synthesis of both discrete and continuous control
systems. A common approach is to apply a discretized controller in a digital control system. For
example, in [16-19], continuous controllers were synthesized for plasma control in a tokamak. To
demonstrate the drawbacks of this approach, the following comparison is made.
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Fig. 13. Bode plot of the transfer functions of the analog and discretized plasma vertical position control
system.

Figure 13a shows the result of synthesizing a continuous controller on the plant model in contin-
uous time with the same shaping functions that were used for synthesizing the discrete controller
in Section 3. The shaping functions in the synthesis method [11] define the control quality and the
robustness margins of the closed-loop system, so the synthesized analog control system has approx-
imately the same control quality and robustness margins as the digital system obtained earlier in
Section 3.

The synthesized analog PID controller is given by the transfer function

A A .1 A S
CZ(S) = KPZ + KIZ; + KDZ 7‘8——1—1’

where Kp, = 266.9 A/m, K, =10.3 kA/(mxs), Kp, = 0.53 (Axs)/m, 7 =100 us, s — Laplace
transform variable. After discretizing this controller using the ZOH method, the frequency response
of the transfer functions of the discretized system was computed (Fig. 13b). The discretized control
system is unstable.

In [20], it is shown that discretization may have little effect on the degradation of control quality
and robustness margins, provided the closed-loop bandwidth is at least 30 times smaller than the
sampling frequency. The closed-loop bandwidth of the control system varies depending on the shot
time from 10 to 79 Hz, which means that the sampling time 75 = 1 ms is almost 2.5 times larger
than needed to preserve control quality during discretization. Moreover, the plant model is not
minimum-phase since it contains delay elements, which also contributes to the loss of stability of
the control system during discretization.
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