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Digital Control for a Multiple-Stage
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and Mario Benedetti

Abstract—Multiple-stage converters are composed of a set of
structures with different voltage, current and switching frequency
capabilities. In particular, in applications like particle accelerator
beam deflection and focusing, the requirement is high-current
high-precision current pulses generation. In order to satisfy the
specifications of this application, a novel multiple-stage con-
verter topology was proposed and presented in a previous work.
However, said proposal should be complemented with a control
system to perform the control of each structure, manage its global
interconnection and execute the regulation loops. This work
describes the implementation of the digital control developed for
the proposed converter. Experimental results are presented by
applying the proposed control to a prototype.

Index Terms—Digital control, power electronics, pulsed power
converter.

I. INTRODUCTION

ARTICLE accelerators applied to high-energy physics

and clinical treatment use high-current pulsed converters
to supply an inductive load made up of different types of mag-
nets to produce a high-magnetic field that has to be constant
throughout the beam length [1]-[3]. For these applications,
the key aspects of these converters are current stability and
precision during flat top. Current rise and fall times are not
critical; yet they should be reduced so as to decrease the output
Root Mean Square (RMS) current value and minimize the loss
in the magnet load and its associated cooling.

Even though, for many years, the solution offered for these
pulsed converters has been the use of a capacitor discharge
topology [4]-[7], certain drawbacks in this system (low flex-
ibility and high RMS load current value) created the need of
a new development based on switching converters. Moreover,
a trapezoidal waveform is the best solution when it comes to
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Fig. 1. Trapezoidal load current waveform and corresponding applied voltage.

reducing the RMS current in the load. This current waveform
involves the application of a high voltage (with reverse polarity)
during rise and fall times, which allows to reduce the duration
of these stages (Fig. 1). Besides, during flat top a high-preci-
sion high-dynamic current control is required which implies
switching the power semiconductors at high-frequency. These
requirements (high-voltage, high-current, and high-frequency)
cannot be fulfilled by conventional converters and current
semiconductor devices [8]-[11].

In order to overcome this technological limitation, a novel
converter topology for high-current and high-precision current
sources was proposed by [12] and later improved by [13]. The
power converter, denoted as a multiple-stage converter, is based
on the use of different structures, each one specific for a partic-
ular operation range in terms of voltage, current, and switching
frequency. These structures are connected during one or more
stages of the generated waveform to accomplish the specific
requirements corresponding to each stage. The control system
associated to this converter must meet hard requirements. It
must perform the individual control of each structure, manage
the global interconnection of the several structures, and execute
the regulation loops assuring minimum duration and amplitude
transient response in the load current and high-precision in the
flat top. Additionally, it must calculate the initialization param-
eters before each pulse, manage the peripheral communication
and carry out communication with a more hierarchical supervi-
sion and command system, among other tasks.

Although there are many powerful digital platforms able to
perform the control of multiple-stage converters, the concur-
rent stages management, peripheral attention and high-speed
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Fig. 2. Simplified scheme of the proposed topology.

calculations require the utilization of a Field Programmable
Gate Array (FPGA). The use of this technology to develop and
improve digital control systems is known [14]-[16] and has
been well exemplified in papers like [17]-[20]. In this paper,
an FPGA-based digital control for the multiple-stage converter
proposed in [13] is presented. The next sections introduce the
multiple-stage converter basics and highlight the most relevant
aspects of the proposed control that enable to achieve the strin-
gent requirements of the above mentioned applications. The
experimental results obtained with a prototype that emulates the
full scale features validate the control system implementation.

II. POWER SOURCE DESCRIPTION

This section describes the operating principle of the topology
presented in [13] to better understand the different tasks to be
performed by the control system. Fig. 2 provides the general
scheme of the converter which is based on three structures.
The aim is to use structure 1 (High-Voltage and High-Current)
during rise and fall times, structure 2 (Low-Voltage and High-
Current) to control the flat top mean current with moderate pre-
cision, and structure 3 (Low-Voltage and Current) to control the
load current with the required precision.

The operational principle of this topology is summarized as
follows.

— Rise time: During this stage, only structure 1 is activated,
which initiates the charge of L1 and L through the high-
voltage source V1. This condition is obtained by means
of 57 and S5 turned on and S5 and S4 turned off. Besides,
the use of D; is needed to provide structure 2 high-voltage
isolation. If the load resistance is considered negligible, the
required voltage Vi1 to reach the flat top current Iggp in
arise time Ty is given by (1).

L+1,

Vo1 = Ire . 1
c1 REF Th )]
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— Flat top: When currents 77, = 1 reach the reference value
IREF, structure 1 is disconnected and structures 2 and 3
are connected by means of S; turning off and S5 turning
on.

Structure 2 is a one quadrant inverter composed by Ca, Sy,
D,, and D; which is used to control the ¢; so as to provide
the mean load current. This system is modeled as a current
generator called G711 which operates in PWM mode with
a commutation frequency fr1. It is common knowledge
that an increase of this frequency causes a decrease of the
ripple current. However, due to the technological limita-
tions of semiconductor devices, f;; switching frequency
is limited by the current and the voltage maximum ratings.
Therefore, since structure 2 must handle the high load cur-
rent, a medium S, switching frequency must be adopted.
As a consequence, a peak to peak ripple current A 77, much
higher than the required one, is obtained.

Structure 3 is a full bridge inverter (composed by C'3, Hy,
H,, Hs, and H,) connected in series with the inductance
L. This structure, named Active Filter (AF), must operate
at a switching frequency f;r higher than f7; in order to
cancel Aly. A current ripple Alx is generated.

In order to ensure the operation of the current controls, the
voltages Ve and Vo3 must be higher than /gy - R.

The turning on of .S3 allows the connection of the active
filter and the capacitor C to the node @ . C' is connected
in parallel to structure 3 to avoid overvoltage in this node.

— Fall time: To decrease the load current, all switches are
turned off. The energy stored in the load and inductor L4
returns to the capacitor bank C; through D1, D5, and D,.
The current difference between 777 and iy, when S3 is
turned off flows through D3 or the antiparallel diode of
53 depending on the current flow direction.

Fig. 3 illustrates the current waveforms of the proposed

system and the state of the different semiconductor switches.

III. CONTROL SYSTEM IMPLEMENTATION

This section deals with the digital implementation of the sev-
eral tasks that the control system must perform. The proposed
control system is organized in hierarchical layers. The top layer
performs the communication with the external supervision and
command system (SCS). The following layer is in charge of
pulse shaping according to the parameters provided by the SCS;
and the bottom layer is composed of the current controls and
the regulation loops. This latter contains the most complex and
most computational intensive tasks. Additionally, the communi-
cation with the analog to digital and digital to analog converters
is realized concurrently with the tasks performed in all these
layers. Fig. 4 depicts a block diagram of the implemented con-
trol system. A more detailed description of these blocks, listed
hierarchically, is provided next.

1) Supervision and Command System Interface: This block
performs the communication with the hierarchical supervision
and command system. This system receives the pulse width,
the reference current, and the synchronization command (the
pulse must be synchronous with other converters). This block
provides the converter status as well.
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Fig. 4. Block diagram of the digital control board.

2) Pulse Shaping: This block manages the interconnection of
different structures through the control of 51, S2, and Sy states,
and the enabling of the Current Control and Regulation Blocks.
The performed tasks in the different stages are implemented by
means of a state machine depicted by the flow chart in Fig. 5.

In this flow chart, it can be noticed that the system remains
in idle state and goes to the triggering stage when the pretrigger
command is received from the SCS block.

IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 9, NO. 2, MAY 2013

S5:ON  S;ON  S;OFF
GI1-AF-REG: DISABLED

S:0FF  S:ON  S:ON
GIl-AF-REG: ENABLED FLAT

S:0FF §;OFF S,OFF
GI1-AF-REG: DISABLED

Fig. 5. Flow chart of the pulse control block.

The triggering stage determines the rise time beginning. This
event must be adjusted to obtain a constant delay, ATpT, be-
tween the pretrigger signal and the flat top beginning. ATp is
composed of two times, the delay Tpr between the pretrigger
signal and the start pulse, and the rise time Tz. Since, T de-
pends on the reference current, Tpr must be adjusted for each
pulse. Fig. 6 illustrates the synchronism to different flat top cur-
rents. The pretrigger time Tp is calculated by means of (2)

(L + L1)Iggr

Tpr = Alpt — Vor

2)

During rise time, switches S1, S2, and S5 are commanded
as it was previously indicated in Section II, while current con-
trols and regulation loops remain disable. The transition from
the rise time stage to the flat top stage is performed when the
condition ¢;, > iggr is satisfied. Once in the flat top, the state
of the switches S1, Sa, and S5 change and, the current controls
and the regulation loops are enabled. The transition from the flat
top stage to the fall time stage is done when a timer, that starts
at flat top beginning, reaches a time 7y In fall time stage, all
switches are turned off and, the current controls and the regula-
tion loops are disabled.

3) Current Control Blocks: The current controls of G/1 and
AT are performed by digital hysteresis controls. These con-
trols involve the acquisition of the currents and its comparison
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Fig. 7. Flat top equivalent circuit.

with hysteresis bands. The presence of delays in the acquisitions
leads to errors in the detection of the crosses with the bands. The
magnitude of these errors depends on the current slopes. There-
fore, due to the high slopes of 7; and i, high acquisition fre-
quencies are needed.

The current controls are implemented with state machines,
comparators, and counters. The switching output signal to gen-
erate the 1o #1 current is limited in frequency to avoid switch
damage.

4) Regulation: As the system is made up of different inter-
connected structures, a transient is generated each time a struc-
ture is connected/disconnected. This aspect is critical at the be-
ginning of the flat top, as the generated transient can exceed
the system specifications of duration and amplitude. Fig. 7 il-
lustrates an equivalent circuit of the system in the flat top. The
capacitor and the load form a second order circuit with a low
damping factor. If the initial conditions of the circuit are not
appropriate (i1 = iy # Iggr or vg # Iggr - I?), a damped
oscillatory response is generated.

In practice, the appropriate conditions are very difficult to ob-
tain due to possible delays in the devices operation. To improve
the transient response of the system, a state feedback control is
proposed to place the closed loop poles of the second order cir-
cuit. This control is implemented by means of the gains of K-
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and K7, which are estimated by means of the Ackerman method
[21]. As the resulting transfer is a type-0 system, there will be
a steady-state error in the mean value of 77, which is compen-
sated by an external loop with an integral type controller. With
aview to improving i1 current ripple rejection in the flat top and
to reduce the external loop requirements, a feedforward loop is
incorporated by adding the difference between the Irgr and ¢;.
The feedforward, state feedback, and external loops are imple-
mented by means of the AF.

The duration and the amplitude of the load current transient
error can be adjusted by setting the state feedbacks and the ex-
ternal loop gains. In order to obtain a transient response mainly
dependent on the external loop bandwidth, K; and Ky are ad-
justed to place the poles above the bandwidth. To improve the
transient response, the loop gains must be adjusted, with the
consequent higher control effort. This implies that the feasibility
of improving the transient response is limited by the capabilities
of the AF.

The control system is implemented in a Spartan-3 FPGA that
provides embedded multipliers. These ones accept two 18-bit
words as inputs and produce a 36-bit product. Consequently,
the regulation loops are implemented using an 18-bit fixed point
arithmetic format for the multipliers input variables and a 36-bit
word length for the addition calculations.

In order to select the normalization constant, the signals of
greatest magnitude, in this case those corresponding to blocks
G¢ and K, are determined (Fig. 8).

The block G¢ output (i) can be divided into two compo-
nents

ic=1Ic+Ic 3)
where I is the constant term that equals the addition of the
feedbacks from Ky and Ky, and I~ is the variable term that
corrects 47, variations.

The constant term can be expressed as

Ic = KvVo + Kil;, = (Kv R+ Ki) - Irer 4)

Since this term is constant and known and its magnitude is
highly elevated, it is eliminated from the controller and later
added as a summing stage in its output. As a result, the con-
troller output operates at low levels of magnitude. Besides, if
Ky R <« Kj, the term Ky - I? can be simplified, giving rise to
the schematic shown in Fig. 9.

Still there are problems associated to a resolution loss for nor-
malization due to the fact that the K¢z, and K;Iggr terms are
much higher than the controller output or Ky v . This can be
overcome by modifying the order of operations, as shown in
Fig. 10. It can be observed that as iy, is close to Irgr, Ky ve,
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Fig. 11. Detailed implementation.

Krip and Go(z) - (ip, — Irgr) terms are of the same order of
magnitude.

Finally feedback loops gains were normalized with a 2°
factor, that is considered before the feedforward loop. Fig. 11
depicts a detailed scheme of the loops implemented in this
block.

The gain blocks Kg;y and Kgy include the magnitudes
from the sense and the ADC conversion stages. These gains
are KSI = 217/IMAX and KSV = 217/VMAX, where IMAX
and Vy1ax represent the input dynamic ranges of the sensing
system. The sensing stage gains are scaled in order to main-
tain the dynamic range of the digital control platform fixed
regardless of the generated current value. The ADC outputs are
converted from 16 to 18 bits to match the numeric format.

The factor K,y before the Ky block adjusts a gain differ-
ence between K gy and Kgr. The iar generator is represented
with the gain 1/Kg;.

5) ADC and DAC Interface Blocks: The acquisition module
consists of four ADC converters with their corresponding dif-
ferential input filters. The 16-bit ADC converters are used to ac-
quire 71, 2z and ve at 1 MSPS with serial communication and
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Fig. 12. Photos of the control system implementation. (a) Converter prototype
(Current Scale 1:100). (b) Control system rack (control system board and power
supplies). (c) Control system board—front side (Xilinx FPGA development kit).
(d) Control system board—back side (acquisition and debugging board).

tar at 2 MSPS with a parallel one. This board is also equipped
with two DAC converters able to generate test signals to debug
the system. The blocks used to command the ADC and DAC
converters are implemented with state machines that work at 40
and 20 MHz, respectively.

IV. EXPERIMENTAL RESULTS

In order to validate the proposed topology and the asso-
ciated control system, a low scale prototype was developed
[Fig. 12(a)]. This prototype was designed based on the full
scale converter specifications (Table I) proposed in [13]. The
current and voltage values of the prototype were scaled down to
laboratory levels (~100 times). Even though this downscaling
would allow to operate the prototype with frequencies higher
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TABLE I
FULL SCALE PROTOTYPE PARAMETERS

L 1 mH IREF 2000 A
R 0.15Q Tr, Tr <1 ms
Ly 500 pH | Settling time Ts < 200 us
Lp 50 uH | Flat top duration 3 ms
C 4pF Current precision 500 ppm
Ver 3000V | fr1 10 KHz
Voo = Vs 600 V frr 100 KHz
TABLE 11
LOW SCALE PROTOTYPE PARAMETERS

L 1 mH IrREF 15 A
R 0.15Q Tgr, Tp <1 ms
Ly 500 pH | Settling time T's < 200 us
Lgp 50 puH | Flat top duration 3 ms
C 4pF Current precision 500 ppm
Ve 20V | fna 10 KHz
Voo = Vs 10V frr 100 KHz

than those indicated in Table I, the switching frequencies and
the relevant times (g, T and Tst) were kept as in this table.
The main parameters of the low scale prototype are listed in
Table II.

Note that the differences between these prototypes are given
by the power and the sensing stages while the developed con-
trol platform is valid for both systems. Therefore, the prototype
could be used like a simulator for this platform.

The control system was developed to be mounted on a 2U
rack [Fig. 12(b)]. To test it, a FPGA development Kit of Xilinx
[Fig. 12(c)] together with a custom acquisition and debugging
board that includes ADC and DAC converters [Fig. 12(d)] were
used. An additional board was used to link and connect them
to the rack. The latter also provides the circuitry necessary to
adapt the levels of the switch command signals. Currently, a
single board containing the complete control system is under
development.

The control was described in VHDL and implemented in a
Xilinx FPGA Spartan 3 (3S200FTG256-5) with ISE software
[22]. This FPGA contains a total of 1920 slices and 12 18-bit
dedicated multipliers. Resources utilization was around 39%,
and it included 3 out of the 12 available multipliers. The design
was defined with timing constrains to assure the time specifi-
cations of the acquisitions and the regulation loops. The main
clock used was of 160 MHz which was generated from the ex-
ternal 50 MHz clock using a Digital Clock Manager.

Fig. 13 displays the more relevant signals of the topology
when a 15 A pulse with a 3.5 ms flat top time is generated. Load
current iy, GI1 generator current ¢, capacitor voltage v¢ and
active filter current 7oy are arranged from the top downwards.
As it can be observed, pulse generation presents no oscillations
or significant variations during the coupling of structures (be-
ginning and end of the flat top), as expected. In addition, times
Tr = 1 ms and Tr = 0.6 ms were within specifications. It
can be seen that Tr was greater than 7» because, during the
rise time, the forward voltage of the devices and V~; have an
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Fig. 13. Waveforms of the more relevant voltage and current signals.
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Fig. 14. Waveforms of the ¢;, current and S, S2, S3, and 54 control signals.

opposite polarity, while during the fall time they have the same
polarity.

Fig. 14 depicts the load current together with the signals to
drive the Sq, S2, S5, and S4 switches. The states of the switches
associated to each pulse generation stage can be seen; and the
difference between the commutation frequencies of the switches
noticed.

A detail view of the signals at the beginning of the flat top
is illustrated in Fig. 15. ¢y and ¢; currents, command signals
for S1, S3 and Sy, voltage v¢, current ¢ ap and signals to con-
trol the active filter are arranged from the top downwards. This
figure shows that a transient response in the load current is pro-
duced as previously described in Section I1I-A4. In this test, the
worst case was evaluated, which corresponds to the connection
of the capacitor initially discharged. This condition generates a
transient response with a drop in the load current. By means of
the compensation strategy applied, the transient response has
been adjusted so as to obtain a damped response with a set-
tling time below 200 us, thereby meeting the specifications.
During the transient response it can also be noticed, that varia-
tions in v change the slopes of 71, which temporarily modifies
its switching period.
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Fig. 16. Current waveforms generated by GI1 and AF and its corresponding
control signals once the transitory was finished.

Fig. 16 exhibits the currents of the G711 (top) and AF (bottom)
generators during the flat top once the transient response is ex-
tinguished. In addition, together with each of these, the switch
command signals are displayed. Note that the commutation fre-
quency of the GI1 and AF are closed to 10 and 100 KHz, re-
spectively. It can be noted that, as the active filter must cancel
the GI1 ripple, the average value of ¢ s results approximately
equal to the inverse of the 71 ripple.

V. CONCLUSION

This paper describes the most relevant aspects of the digital
control system implementation developed for a multiple-stage
converter. The proposed control, based on FPGA technology,
enables the management of the several converter structures as-
suring the requirements of minimum duration and amplitude
transient response in the load current and high-precision in the
flat top. This control, associated to a previously proposed con-
verter topology, makes the power source suitable for the gener-
ation of high-current pulses with high precision in the flat top
and low rise and fall times. Tests performed with a prototype
validate the proposal.
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