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DC-DC converter based on silicon carbide (SiC) power devices
with P+ based current controller

Abstract: In this paper an investigation of voltage control system with P+ current controller for a DC-DC converter is presented. A DC-DC converter
based on silicon carbide power devices were used. Synchronous buck topology is used for converter structure. Mathematical model of the converter
is presented. The dependence between converter working conditions (i.e. input voltage, load current, switching frequency) and passive LC
components is also given. A modified current control method based on P+ structure is considered. Proposed algorithm is compared with a traditional
cascade structure based on Pl type controllers. Output voltage and coil current dynamics were investigated. Experimental tests results were
presented.

Streszczenie: W artykule przedstawiono wyniki badan uktadu regulacji napiecia przetwornicy DC-DC z regulatorem pradu typu P+. Zastosowano
przetwornice DC-DC z tgcznikami na bazie weglika krzemu. Przetwornica zostata wykonana w topologii obnizajgcej napiecie. Przedstawiony zostat
model matematyczny przetwornicy. Opisano takze zalezno$¢ pomiedzy warunkami pracy przetwornicy (np. napiecie wejsciowe, prad obcigzenia,
czestotliwo$¢ kluczowania) a parametrami elementéw pasywnych LC. Przedstawiono propozycje struktury zmodyfikowanego regulatora pradu typu
P+. Rozwazany algorytm poréwnano z tradycyjnym algorytmem PIl. Przedstawione badanie eksperymentalne dotyczg dynamiki napiecia
wyjsciowego oraz pradu dfawika. (Przetwornica DC-DC na bazie weglika krzemu z regulatorem pradu typu P+).

Keywords: DC-DC converter, buck topology, SiC MOSFET transistors, cascade control, voltage and current control.
Stowa kluczowe: przetwornica DC-DC, tranzystory SiC MOSFET, regulacja kaskadowa, regulacja napiecia i pradu.

Introduction (i.e. output voltage, coil current response) was compared to
DC-DC converters are widely used in the process of traditional Pl based CCS.
electrical energy conversion. The use of switching DC-DC

converters enables voltage and current conversion in an Vcr«/’l CCS based |« c
easy way. The growth of power electronics applications has controllers |4 )
increased the use of synchronous buck converters. This PWM

converter topology is one of the most common and is often i

used [1]. It became popular because of their compact size, R, R L
simple structure and high efficiency [2]. Synchronous buck

S
%
S

converter is usually used in high efficiency power supplies.

Its high efficiency causes that, they are used instead of T1 l—
linear voltage regulators in high power solutions. In battery- V. C ik y "'ZSTZ ng} EOE’
powered applications, synchronous buck converters are noon H

most widely used. For example for control of charging
current in advanced battery systems [2, 3]. In some
applications they are used for direct control of DC motors
instead of a traditional H-bridge based power circuit [4]. )
This solution allows to reduce motor current ripples and ~ Fi9-1. Proposed control system structure
may improve control quality [4, 5]. One of a new field of
buck converter application is a Voltage Matching Circuit in
advanced inverter topologies [6].

In the last few years a significant increase of silicon
carbide (SiC) power semiconductor popularity can be
observed [7]. SiC based power devices have a lot of
advantages in comparison to traditional Si elements. For
example low on resistance (low conduction losses), very
low switching losses, short rise and fall time (enables
increase of switching frequency) and small total
capacitance [8,9]. The use of SiC transistors and shottky
diodes makes it possible to reach high efficiency (over 95%)
for power converters and inverters [10,11]. The higher

DC-DC Converter topology

Non-isolated converter topology shown in Fig. 1 was
investigated. In this solution a two way flow of energy (i.e.
charging and discharging of output capacitor) can be
realized. A LC filter is used to realize electrical output circuit
of the converter. During switching of transistor T1 current
flows through the coil and charges the output capacitor.
This operation mode provides energy to the output.
Switching of transistor T2 causes current flow from the
output capacitor through the coil to the input circuit.

Mathematical model of considered buck converter with
an output LC filter takes the following form [12]:

switching frequency gives a possibility to reduce the size of . di, (1)

passive components. It results in device size reduction [11]. (1) Vin ()= Ri, ) +L dt tVe (®)
Control algorithms are essential issue in the regulation

process. Because of easy implementation and well known dve(t) .

tuning methods, Cascade Control Structure (CCS) with PID ~ (2) CT =i.(?)

type controllers is the most popular structure [12]. An
alternative to this method may be: state feedback control
(LQR) [13, 14, 15], or fuzzy control [16, 17]. In this papera  (3) i (O)=i-()+i, (@)
modified CCS control structure with P+ current controller is
presented. Dynamics of the control system with proposed
P+ controller was compared with control system that
includes traditional Pl based CCS. System dynamics

where: V,,(t) — input voltage, i,(#) — coil current, L, R - coil
inductance and resistance, v.(¢) — output voltage, C — output
capacitance, i(t) — capacitor current, ip(¢) — load current.
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In order to realize output voltage regulation Pulse Width
Modulation method (PWM) was used. Transistors T1 and
T2 are switched using a rectangular signal with constant
period and variable duty factor. Parameters of the converter
can be calculated by using the following equations [11]:

4) L= Vi
4f,Ai

- oo
4prvC

where: L, C — calculated value of inductance and capacitor
capacitance, f, — switching frequency, Ai — accepted coil
current ripple value, Av, — accepted output voltage ripple
value, io — average value of load current. Since switching
frequency is parameter of denominator in (4) and (5), by
using SiC power devices with higher f,, smaller size passive
elements for the same current and voltage ripple can be
applied in comparison to Si based power devices.
Traditional Pl based current control structure

In order to design current controller, equations (1) - (3)
should be rewritten in a Laplace domain:

1, (s) _ R
V() =Vels)  sT, +1

(6)

7) VC(S):L
I.(s) sC
(8) Te(s)=1,(s)=15(s)

where: T, — electrical time constant (7,=L/R). In order to
obtain a simplified converter model it was necessary to
introduce average input voltage signal instead of V;,. The
dynamics of the power stage was approximated using
proportional element K,, These operations allowed to
obtain following equations:

(9) Kpp = Vin

(10) Vi (8) =K ,,6(s)

where: K,,, — power stage input gain, V;, ,.(s)- average input
voltage, J(s) — PWM input signal duty value. Duty value is in
range of {-1,1}. Negative value of duty means that transistor
T2 is switched on. After putting (10) into (6), the following
formula was obtained:

-1
1, (s) _ KppR

(11) =
o(s)=Ve,(s) sT,+1

where: V,(s)- normalized output voltage (Vc,(s)=Vc(s)/K,p).
The equation (11) represents the open-loop transfer
function of the current path.

VCn(S)
l(S).,_e(s) v- [ K/R 1)
—o— Pl o >
T Reg | current loop

Fig.2. Current control loop with PI controller

In order to realize current control (Fig. 2) a PI controller was
chosen. The ftransfer function of the regulator model is
described by a following formula:

1
(12) GR(S):Kpi(E-Fl)

12

where: K,, — proportional gain, T; — integration time
constant. Due to control signal limitations it was necessary
to introduce an additional signal u,,; to avoid wind-up
phenomenon. This signal is added to the integrator input.

uuwi(s) = Kawi[u*w (S) - ucc (S)]

where: Kawi — control signal saturation error gain,
u*e(s) — not saturated control signal, uc(s)- saturated
control signal.

The use of microcontroller based control system causes
that it was necessary to use discrete form of the control law.
For that reason backwards Euler discretization method was
applied to calculate discrete form of (12).

The result of mentioned operations is a discrete controller
(Fig. 3) described by following equations:

(13)

L

14 G =K (——
( ) R(Z) pl(];i(z—l)
. Tz *
15 aw i =—K . cc —Uu..
(19) 1'on(2) = 1 Ko () =1, (2]

where: T, — sample time, u*,, ;(z) — integrated anti-wind up
signal.

. Ay L3N

sat

Fig.3. Discrete PI current controller structure

Proposed current control structure

It is well known, that using of integration path in control
algorithm may causes a deterioration of system dynamics. It
is necessary to use additional anti wind-up structure for
proper operation of the Pl type controller. On the other
hand, it is well known, that the absence of integral operation
causes a steady-state error in most cases. In order to
achieve better dynamics properties of current control loop
and zero steady-state error the modified control structure
was proposed. It is based on proportional path only and it is
named P+. Transfer function of closed loop current path
with proportional element can be approximated by:

1

L
§——
KpiKpp
The dynamics of the response can be affected by setting

the proportional element gain - X,. The elimination of
steady state error needs to consider the mathematical

(15) Go(s)=
+1
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model at steady state. Thus, (1) must be transformed taking
into account (9) and (10), as follows:

. 1
(1 6) 5steady (t) =7 lref (t) + K_VC (t)

Kpp rp

where: 6,.., — Steady state control signal duty value. It
should be mentioned that in steady state the coil current is
constant and equal to the reference value, so the di/dt is
equal zero.

le(S) V,_.(S)
Vi(s) ss) +¥- [ K/R L),
ws| P T,5+1 g

current loop

Reg |

Fig. 4. Current control loop with P+ controller

In this case the control law of P+ algorithm is a combination
of proportional control and steady state input (sceaday):

A7) SO =K e () +K, iy (6)+ K ve (1)

where: K; — reference current gain (K=R/K,,), K, — output
voltage gain (K,=1/K,,).

; K >ﬁ
ref
. +& *
IL - € ucc
pi
v

—»| K

. S~
/

Fig.5. P+ current controller structure

\ 4

The considerations presented above are valid only for 6 = 0
otherwise (15) and (16) should be modified. When the duty
signal is smaller than zero it means that the transistor T2
will be switched on. The energy is received from the
capacitor, so the output capacitor voltage becomes the
input voltage source. In this case the mathematical model of
the system changes as follows:

(18) S(tyve(t) = Riy (6)+ L di;t(t)

The transfer function takes the form:

(19) 1,(s) _ Ve(s)

5(1) Ts+1
It can be seen that the gain of the model is depend on the
output voltage. In such a case, model is non-linear and the
transfer function of model also. In this case the transfer
function of closed loop current path with proportional
element can be approximated by:

, 1
(20) Ge(s)=—
—s+1
KinC(S)
where: K,;’ — proportional gain for nonlinear operation

mode. To obtain similar dynamics for both working

conditions (i.e. charging and recharging mode), the time
constants of G¢(s) and G¢’(s) should be equal. This

dependence allows to determine X,,;’, as follows:

(20) K (s)=K,, Ko
pi — "t pi
Ve (s)
It can be seen that during output capacitor discharging the
proportional element gain depends on the output voltage.
The gain should be calculate in each control loop. For
steady state equation (18) should be taken in the account.
The coil current is constant and equal to its reference value,
so the dii/dt is equal zero. In respect of this it is possible to
obtain the following dependence:

~ R
21 0 )y=——i (¢t
( ) Steady( ) Ve (f) lre/ ( )

The reference current gain is also dependent on the output
voltage, so it should be calculated in each control loop too.
For this case the control law of P+ controller is as follows:

(22) 5 (t) = Kpiei (t) + Ki iref (t) + KVVC (Z)
where: K;’ — reference current gain (K;’=R/((%)), K,” — output
voltage gain (K, =0).

The values of P+ current controller gains are dependent
on energy flow in the converter (Fig. 6). During energy
providing mode (ii>0) (17) control law should be used. It
means that if the reference current is greater than or equal
to zero, the controller gains are constant and equal to (17).
For the other case (i;<0) (22) control law should be used. In
this operation mode the controller gains are not constant

and dependent on the value of converter output voltage.

i ref( t)l i L (t) VC (ti

0 = Ky (t) + Ki (t) + K,vq(t) >
*Upe(t
PN

5= Kyt + Ki(t) + K, ve(t)

Fig.6. P+ controller mode selection

Voltage regulation
In order to realize voltage control a Pl type controller
(Fig. 7) was used. Controller transfer function is given as:

1
(23) GRv (S) = Kpu (_ + 1)
ST,
where: K,,, — proportional element gain, T}, — integrator time
constant.

lo(s)
VS),_e,[(s) lA(S) l(shy- [C7 |VelS)
—»0— P k(.:'\C( S) e < >
- s,
Reg V current ‘ voltage
control loop
loop

Fig.7. Voltage control loop

Due to coil current limitations it was necessary to
introduce an additional signal u,,, to avoid wind-up
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phenomenon. This signal is added to the integrator input to
modify its output during controller output signal saturation.

uawu(s) = Kawu[]*ref (S) _Iref (S)]

where: K, — reference current signal saturation error gain,
I*,(s) — not saturated current reference signal, I..(s)—
saturated control signal, should not exceed nominal current
value /.

(24)

ev Ire
—>| K, aa _/_ —>
sat
—

Fig.8. Discrete Pl voltage controller structure

The use of microcontroller based control system causes
that it was necessary to use discrete form of the control law
in the regulation algorithm. For that reason it was required
to discretize the continuous model (23). Backwards Euler
discretization method was used. The result of mentioned
operations is a discrete controller (Fig. 8) described by
following equations:

h 7

i

Fig.9. DC-DC converter

Experimental test results

The converter voltages and currents were measured by
using TEKTRONIX TPS 2024B oscilloscope equipped with
two A622 AC/DC current probes and two Tektronix P5122
voltage probes.

The controller settings were chosen empirically. As the
current controller start point settings a modular optimum
criterion was applied. As the voltage controller start point
settings a symmetric optimum criterion was used. Due to
limitation of maximum current and control signal values, it
was necessary to retune the controller. It was assumed that
the current peak should not exceed 3.5 A and the nominal

L‘F 1)+u*awu(Z)
T.G-1)

Tz
T,(z—1)

where: T, — sample time, u*,,,(z) — integrated anti-wind up
signal.
Laboratory stand with DC-DC converter

The proposed control algorithm was tested on
laboaratory stand with DC-DC converter. Silicon Carbide
(SiC) based power MOSFET transistors (C2M0080120D)
[19] and shottky diodes (C4D10120A) [20] were used as
power devices. In order to realize coil current and capacitor
voltage measurements LEM sensors were used, i.e. LTS15-
NP for current sensing and LV-25P for voltage sensing.
Electrical circuit parameters of the converter are
summarized in Table 1.

(25) GRv (Z) = Kpu(

(26) " awu(2) = K, [ (2)=1,,(2)]

Table 1. DC-DC converter parameters

Param. Value Unit Param. Value Unit
Vv, 120 V] R 0.3 [Q]
Cin 470 [uF] L 3.0 [mH]

In 3.0 [A] (o 30 [UF]
fs 36 [kHZ] Ts 27.(7) [us]

Investigated control structures were implemented in
dSpace DS 1104 R&D controller board. The maximum
possible switching frequency was 36 kHz. Power resistors
connected in parallel were used as load circuit. Load
changes were realized using electrically controlled relays.

current value in normal operation mode is 3 A. Table 2
contains controller settings obtained after tuning process for
Pl based CCS. It was a compromise between the dynamics
and signal quality.

Table 2. Pl type controllers settings

Voltage controller Current controller
Kou 0.12 Koi 0.3
T; 3.0e-3 Tii 1.0e-3
Kawu -6.0 Kawi -4.0

The voltage controller settings for CCS with P+ current
controller were also chosen empirically. The start point was
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chosen using symmetric optimum criterion. Table 3 contains
controller settings obtained after tuning process. The
proportional gain Kp in current controller structure was
chosen to obtain the best possible dynamic of output
voltage response considering current and control signal
limitations. The dynamics of the current loop is determined
by the proportional gain. Increase of the gain value
improves the dynamics but it also may cause some
overshoot.

a)
Tek JL ® Acq Complete M Pos: 11.30ms MEASURE
-
M 2.50ms
15-Jul-15 12:48
3)
Tek T @ Acq Complete M Pos: 11.30ms MEASURE
+ - -

l
|

|
Vo \ o
J.} i, | Lf""‘"““"j 500

Max
3484

M 2.50ms
15=Jul-15 1256

CH3 1.004

Table 3. CCS with P+ controller settings

Voltage controller Current controller
Kou 0.2 Kpi 0.35
Ti 2.0e-3 Ki 2.5e-3
Kawu -6.0 K, 8.3e-3

The dynamics of current loop has a direct impact on the
dynamics of voltage loop. The use of a P+ controller in
current path allows to change the settings of voltage
controller and in effect improves system dynamics.

c)
Tek JL @ Acq Complete M Pos: 11.30ms MEASURE
+
M 2.50ms
15-Jul-15 13:53
d)
Tek JLu @ Acq Complete M Pos: 11,30ms MEASURE
* |."_|'.:
May
. o Io2A
I, ] ——— CH3
D s ;m .'-1.|I'.|
Ie- -2.004
[
4
M 2.50ms

15-Jul-15 13:59

Fig.10. Output voltage and current waveforms: a) output voltage CCS with PI-PI, b) coil and load current waveforms for CCS with PI-PI,
c) output voltage for CCS with PI-P+, d) coil and load current waveforms for CCS with PI-P+

The behavior of the DC-DC converter is shown in
Fig. 10. The left column contains the voltage and currents
waveforms for CCS with PI type controllers. The right
column contains voltage and currents waveforms for CCS
with P+ current controller. It can be seen that for reference
voltage variations (at t = Oms reference increases to 50V, at
t = 8ms reference increases to 100V and at t = 17ms
reference decreases to 60V) the coil current i, doesn’t
exceed the limitations in both control structures (Fig. 10: b
and d). Cascade Control Structure based on P+ current
controller in comparison to Pl based structure improves the
output voltage dynamics (Fig. 10: a and c). In this case the
rise and regulation times are much smaller for P+ based
CCS. There is a very small overshoot, which doesn’t
exceed 2%. A better dynamics of coil current (Fig. 10: b
andd) was also obtained. The P+ current controller
significant improves the dynamics of coil current response.

It becomes more sharp in case of reference voltage
changes and the current waveform is more rectangular.

A very important control system feature is the reaction
for load changes (i.e. load current). Load variations cause
output signal distortion. This effect is undesirable and a
properly functioning control system should compensate it.
For this reason some tests were carried out for constant
reference value and variable load. The output voltage
reference value was set to 40V. At time t = Oms the steady
state load current value was set to 0.67 A, at time t = 13ms
the load increases to 2.0 A and at time t = 27ms the load
decreases to 0.67 A. The output voltage and currents
waveform is shown in Fig. 11. It can be seen that full Pl
based CCS behavior in variable load operation mode is
worse in comparison to CCS with P+ current controller. The
voltage spikes and the return time are smaller using control
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structure with P+ controller. Thanks to use of modified CCS,
the system is more rigid and reacts faster for load changes.

The P+ current controller improves the dynamics of coil
current loop (Fig. 12). It should be noted that Pl based
current controller has a significantly longer regulation time
(Fig.12:a). It is caused by the integration path that
introduces additional dynamics into control system. The
output voltage influences the current path as given in (6)

a)

Tek JL. @ Acq Complete M Pos: 20.00ms MEASURE
-
M 5.00ms
15-Jul-15 13:22
b)
Tek JL ® Acq Complete M Pos: 20.00ms MEASURE
v CH3
May
3484
i . CH3
. f Min
i L —40,0mA
%—-—-J
M 5.00ms
CH3 1.00A 15-Jul-15 13:28

and it may have a significant impact on coil current
behavior. To avoid this effect, the integrator gain should be
increased, but due to system limitations it's not possible for
this case. The modified controller structure (i.e. P+) does
not include integration action in its structure. Instead, it
introduces an additional Jseaqy Signal. This solution
improves the current loop dynamics (Fig. 12:b).

c)
Tek  JL @ Acq Complete M Pos: 20.00ms MEASURE
+
M 5.00ms
15-Jul-15 13:42
d)
Tek Ju @ Acq Complete M Pos: 20.00ms MEASURE
+ CH3
Max
! 3524
5 CH3
| | Min
i =120mé
-
M 5.00ms
CH3 1.00A 15=Jul=15 13:45

Fig.11. Output voltage and current waveforms during variable load operation: a) output voltage for CCS with PI-PI, b) coil and load current
waveforms for CCS with PI-PI, c) output voltage for CCS with PI-P+, d) coil and load current waveforms for CCS with PI-P+

a)
Tek Ju ® Acq Complete M Pos: 4.000ms MEASURE
-
CH3
Max
/ 3524
‘(L CH3
Min
3 -50,0ma
M 1.00ms
CH3 1.00A 1d4=Jul-15 15:04

b)

Tek Ju ® Acq Complete M Pos: 4.000ms MEASURE
-

CH3
Max
H 3524
IL CH3
Min
3 ~50.0mA

M 1.00ms

CH3 1.00A 14-Jul-15 1501

Fig.12. Coil current waveform in current control mode: a) coil current for Pl based controller, b) current for P+ based controller
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Conclusion

Cascade control structure based with P+ current
controller improves the output voltage dynamics. The use of
P+ current controller allows to set a bigger value of
proportional gain for the voltage control loop. Thank this
property, regulation and rise times are shorter than with full
Pl based structure. During load changes the control system
reacts faster which results in voltage spikes reduction and
faster load compensation.

P+ structure doesn’t contain integral action. That allows
to eliminate additional current controller dynamics
(integration time). Current control based on such a solution
reacts faster for output voltage changes, taking into account
output voltage by control signal determining. For integration
free controller, the use of anti-wind up loop in controller
structure is not necessary. The dynamics of coil current
loop can be set using only one proportional gain Ky, other
gains are determined by converter parameters (i.e. input
voltage and coil resistance). The proposed controller
structure significantly improves the dynamics of current loop
response.
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