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Abstract—The Dyna-C ac-dc converter is a current-source-
based topology featuring medium-frequency galvanic isolation.
This paper presents the state-space based average and small
signal modeling of Dyna-C ac-dc converter. A space vector based
modulation strategy is developed, presented and validated by
simulation. Based on the proposed small signal model for Dyna-
C ac-dc converter, a two stage closed loop control approach is
developed. The proposed approach comprises of an outer loop
to regulate the transformer magnetizing-current and an inner
dg-based vector control strategy for regulating the grid currents.
Circuit simulation results are presented to validate the proposed
models and the closed loop control scheme for the Dyna-C ac-dc
converter.

Index Terms—ac-dc conversion, controller design, current-
source converters, Dyna-C converter, small-signal modeling, vector
control.

I. DYNA-C CONVERTER

The Dyna-C converter [1], as shown in Fig. 1, consists of a
current-source-based three-phase (3-¢) front-end converter, a
medium-frequency single-phase flyback type transformer and
a current-source-based H-bridge converter. Both, the front-
end and H-bridge converters are realized using two-quadrant
switches that conduct current in only one direction, but block
voltages in both directions. This topology, capable of perform-
ing ac-dc power conversion, can handle bidirectional power
flow. Current-source-based ac-dc converters are inherently
buck rectifiers. Hence, compared to a voltage-source converter
(VSC) based approach, a bulky line-frequency transformer or
an additional dc-dc converter stage can be omitted to step
down the grid voltage. This inherent buck characteristic of a
current-source-based grid connected front-end of the Dyna-
C converter ensures that the dc-link voltage applied to the
magnetizing inductance Ly, of the transformer is always less or
equal to the line-to-line grid-voltage. Thus, the dc-link voltage
of a Dyna-C is lower compared to that of a voltage-source-
based active rectifier, which in turn results in lower insulation
requirements for the dc-link. Another advantage of the current-
source characteristic of the Dyna-C converter is its inherent
short circuit handling capability. An accidental short circuit in
a bridge leg does not affect the functionality of the converter,
as the magnetizing inductance prevents the short circuit current
from rising to destructive values. On the other hand, current-
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source-based converters are expected to have high reverse
recovery and conduction losses due to the series connected
diodes. In current-source-based converter systems, it is hard
to achieve efficiency parity with conventional semiconductors
based on Silicon (Si) semiconductor technology. However,
with recent advances in Silicon Carbide (SiC) technology, it
is possible to reduce the diode recovery losses in current-
source converters [2] which will make current-source converter
based systems competitive in efficiency to its voltage-source-
based counterparts. Based on these considerations, the Dyna-
C converter is a promising topology that enables reliable
grid-connected ac-dc buck rectifiers with medium-frequency
galvanic isolation for lower costs. A Dyna-C ac-ac converter
is proposed in [1] as a 50 kVA three-phase solid-state trans-
former (SST) and as minimal topology for a bidirectional
(SST) in [3]. Additional it can be utilized as a converter for
instantaneous reactive power compensation [4]. In this paper,
a detailed modulation scheme, a small-signal model and a
closed-loop control scheme are presented and validated for
a Dyna-C ac-dc converter. The paper is organized as follows.
Section II discusses the modulation scheme for Dyna-C ac-
dc converter. The state-space based average and small-signal
models of Dyna-C converter are derived in Section III. Closed
loop controller design considerations for the Dyna-C ac-dc
converter are discussed in Section IV. The presented models
and control strategy are validated through a comparission of
switching and small singal model simulations in Section V.

II. MODULATION SCHEME FOR DYNA-C CONVERTER

A Dyna-C converter modulation scheme is derived by a
detailed analysis of its bridges switching states. In general a
Dyna-C converter is operated like a flyback converter where
the magnetizing inductor is first energized using the (3-¢)
front-end bridge and then discharged by the H-bridge. The
modulation scheme is based on three switching modes mq,
mso and mg, which are applied for a fraction of the swiching
period T, defined by duty cycles d;, d2 and ds.

Ty = (dv + do + d3)Ts (D
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Fig. 1: Dyna-C topology with LC filter and transformer winding resistance

During modes m; and my, line-to-line voltages are applied
across the magnetizing inductance, L,, as shown in Fig. 2a
and 3a. In mode m; and mo, the output dc voltage-source
Vout 18 disconnected from the transformer as the H-bridge at
the secondary side is not switched. In mode mgs, however, the
3-¢ current-source front-end at the input is turned off.

(a) Equivalent circuit - modulation mode m1
ir,, ()
m1

—
tar;

v, (f) Vg

T

(b) Current and voltage waveform -
modulation mode m

Fig. 2: Switching mode m; in sector 1

Vour 1s now connected to the transformer’s secondary side
using the H-bridge, so that it demagnetizes L,,. This behavior
can be represented by the voltage-source in Fig. 4a. The three
modes m1, mg and mg are applied to control the magnetizing
current 77, of the transformer [5]. The voltage pattern applied
across L,, and the magnetizing current, 47, during the three
operating modes are given in Fig. 2a to 4b. To develop
a modulation scheme for a Dyna-C converter similar to a
voltage-source converter [6], the fundamental cycle is divided
into six sectors as in a typical current-source converter [5].
These sectors are defined in Table I and illustrated in Fig. 5.
The individual sectors are placed according to the maximum
absolute phase voltage of the grid, which results in an even
division of the fundamental time period into 6 equal areas
shown in Fig.5. The switching modes m, mo and ms3 given

(a) Equivalent circuit - modulation mode ms
ir,, ()

tar: taa:

ug, (¢ Ly
() 1)31):_@&{3

T,

(b) Current and voltage waveform -
modulation mode mo

Fig. 3: Switching mode ms in sector 1

in Fig. 2a to 4b are valid in sector 1. For this sector according
to [7] and [5] the duty cycles can be calculated by

dy = mipacos(0 + g) 2)
dQ = mindcos(H — g) (3)
d3=1-— (d1 + dg) (@)

where mj,q is the modulation index which is calculated by a
fraction of absolute converter current ¢5" and ia" in dq frame,
divided by the magnetizing current 71 and given by

(1) + i)
Ming = =~ ®)
YL

III. MODELING OF DYNA-C CONVERTER

A LC input filter, consisting of a capacitor and an induc-
tance including its internal resistance, is used as depicted in
Fig. 1 to limit the total harmonic distortion of the grid current.
Further, the transformer winding resistances, RSC and R on
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Fig. 4: Switching mode mg in sector 1

TABLE I: Definition of the six sectors in a fundamental cycle.

Switching Sector ‘ Voltages

Secy | vg, (1) = max(|of, (£), vy, (1), v (D))
Seca | —vba(t) = max(|of (£), vp, (£), véa(t)])
Secs | vhe(t) = max (g, (£), vi (1), v&a(1)])
Secy | —v%,(t) = max(|of, (1), v, (t), v (1))
Secs | vka(t) = max(|of, (1), vi, (), véa(8)])
Secq | —upe (t) = max(Jof, (1), vp, (£), vEa()])
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Fig. 5: Modulation scheme - sector definition.

the primary and secondary side of the transformer are also
shown in Fig. 1. A balanced three-phase system is assumed
for the analysis. The LC-filter parameters in Fig. 1 are set
to the same value R, C' and L for each phase. To derive
an average model for the Dyna-C converter, the state-space
averaging method is used [7], [8], where the state-space model
for each switching mode introduced in the previous section are
derived. The general space state model is calculated by

dx(t)
dt

= Ax(t) + Bu(t) (6)

The state-space matrix A and the input matrix B for the
operating modes m 1, my and mg within switching sector 1 are
derived, considering the equivalent circuits given in Fig 2a, 3a
and 4a. Note A and B are denoted by duty cycles dy, ds and
ds which correspond to modes mi, me and mg respectively.
The state vector x and input vector u are defined as

ot =i, & i v Un] (7
uT: [% Ufb UEC] (8)

For mode m; corresponding to sector 1, the following state
matrix, Aq; and input matrix, By, are obtained

- p
_ Ry

1
=00 -2 o0
R 2 1
0 -z 0 355 3z
Aa=1| 0 0 —% —3% ?%L )
2 1 1
¢ ¢ ¢ 0 0
1 1 2
l-¢ —¢ ¢ 0 0
[0 0 0
2 1
0 =37 —31
_ 1 1
Ba=10 & -3 (10)
0 0 0
0o o0 0

During modes ms and mg, the state matrices Ay, and Ag;
and input matrices By, and Bg; are given in (11), (13) and
(12), (14) respectively.

RI 1 17
7 A A
R 2 1
0 -2 0 3 3
Ap=| 0 0 -2 1 | ap
1 1 1
¢ ¢ ¢ O 0
1 1 2
¢ o ¢ O 0
0 0 07
2 1
0 -3z —3L
Bo=10 & -3 (12)
0o 0 0
0o 0 0 |
M9 0 0 0]
R 2 1
0 -7 0 sz 3z
Ao=| 0 o -& 1 1 (13)
1 1
0o & L o o
1 2
0 -4 -2 0 0]
. :
A o0 0
2 1
0 =3z —3z
Bs=10 & -3 (14)
0o 0 0
0o 0 0
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Resistor, R(Si;: is introduced which is I%y, in Fig. 1 referred
to the primary side. Additionally, R, = Rf. is assumed for
simplicity. The average state space matrix A; and input matrix
B are then calculated to

Ay = Audy + Apds + Ands (15)
By = Byidy + Bgds + Bygzds (16)

The averaged matrices given by (15) and (16) can be trans-
fered into the dg domain by utilizing the dq transformation.
By applying the state-space averaging method and the dg
transformation in sector 1, the averaged state-space model for
sector 1 can be calculated as

- RPC ﬁ -
0 _R  dt 1 V3
L 2dt 4L 12L
A _ dé; R V3 1
Aggr=1 0 =58 —F -9 i (17
V3o 3 3 0 do
2C ic 4c 2dt
_ V38 3 3 _dbr 0
L= 3¢ ic ic 2dt .
w00
0 =L _3
4L 12L
Bap= |0 £ L (18)
0 0 0
0 0 0

Further, the duty cycles d; and d5 in (15) and (16) are replaced
by expressions (2) and (3). Additionally, « and 5 in (17) and
(18) are given by

a = Mipacos(P) (19)
ﬂ = mindSiII(CI)) (20)
where mj,q is the modulation index intoduced earlier and ®
is the difference between the angular displacement 0 of the
dgq reference frame d-axis and the angular displacement 6 of

the dq reference ac grid voltage, both to the real axis, which
is illustrated in Fig. 6. As in [8], the same averaged dq state

[(-axis

d-axis

a-axis

Fig. 6: dq reference frame and gird voltage v# in the complex
plane

matrix and input matrix can be obtained for each of the six
switching sectors which yields

A_dq = Adql = AdqQ = Aqu = Adq4 = Aqu = Adqﬁ (21)

Buyq = Bagi = Bug2 = Bags = Baga = Bags = Bugs  (22)

Therefore, the averaged state-space model can be formulated
as
dqu
dt

Based on (23), the large and small-signal model can be
calculated as in [8], by intoducing the follwing terms in (23)

= A’Zldq‘rdq + quudq (23)

(24)
(25)

Tdq = qu + i’dq
Udq = qu + ﬂdq
Formulas (24) and (25) replace the averaged values by large

and small-signal values. Based on this the large signal model
is defined as

d Xy
dt

The large signal state and input matrices, Afl‘q and ng are
calculated to

= A Xaq + Bj,Usq (26)

Rpc ap B i
. 0 0 -
0 _R @ 1 V3
L 2 i 12L
AL w,
By=| 0 -y & -f x| o
VB, 3 A3 0 W
20 iC  4C 2
VBB V3 3w 0
L~ 2C 1C ic 2 _
(22 0 0
0 -1 _ 3
Bl = v (28)
= | 0 57 —ap
0 0 0
| 0 0 0
The large signal state and input vectors are specified as
Xig= I, 1§ 1§ Va Vi (29)
U= VE VS (30)

where w, = %. The terms in (19) and (20) are replaced by
its corresponding large signal values

ap, = MindCOS((D) (31)
ﬁL = MindSil’l((D) (32)
The small-signal model is given by
dz <5 - =5 -
T;q = A3 Faq + BS, i (33)

Further, the small-signal input matrix B3, can be split into the
control input matrix BS = and the disturbance input matrix

-t cont
D3, while the small-signal input vector @4q can be separated
into the control input vector .oy and the disturbance input
vector Ugjs.

BS ~ RS~ AS ~
Biytiag = Beontlicont + DiigUdist (34)

BS > Uconts DS, and Ggig are obtained as follows
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B Rfc a ﬁ T
™ 0 0 -
0 _R @ 1 V3
L 2 iL 12L
AS We R
Ag=| 0 % &2 - L (35)
V3a  _3 V3 o @
2C icC  4C 2
VB8 VB 3w 0
L™ 20 Yo} ic 2 -
[P0 0
0 -1 _ /3
Dy = v (36)
dist O 120 _E
0 0 0
| 0 0 0
-_ (cos(®) Vy—sin(P) V) a Va+BLVy Volu[
Ly L, Ly
0 0
BS . = 0 0 0 (37)
\/glL cos(®) IIL'“[}L 0
‘[IL sin(®) féLCaL 0

The small-signal state and input vectors are defined as

Ul = [Mina ¢ ds] (38)
Ui = g 05 08 (39)

The derived large and small-signal model can be used to derive
a controller topology and to model the dynamic behaviour of
the Dyna-C converter.

IV. CLOSED LOOP CONTROL OF DYNA-C CONVERTER

The objective of a Dyna-C converter control system is to
maintain the magnetizing current 7, according to its reference
value, while drawing sinusoidal currents from the grid. A
control block diagram can be derived based on the average
state-space model given in (23). As in a current-soucre inverter
a two loop control approach is used [7], consisting of an inner
loop to control the dg grid currents I5 and I§ and an outer
loop for the magnetizing current I;, , which are indicated by
the blue boxes in Fig. 7. To develop a controller topology, the
inner loop is considered first. The aim is to obtain a control
scheme with [ f* and Ig* as reference values. This is the reason
for the second and third row of the state-space model in (27)
and (28) to be choosen in order to derive a controller topology
and rearranged to

aK o Vi, V3

Va = 4Ld—;1 +HARI§ — 2Lw IE +V§ + Sy,
~——
Deriv. Cross coup. v
(40)
drg§ 3 3
Vy = ALSS $ARIE + 2Lw, I8 +VE + V3, _ ivg
dt a q 3 3
~—— —
Deriv. Cross coup. N
(4D)

According to [7] the derivative and cross coupling terms in
(40) and (41) can be represented by

g

dr
Vg = 4Ld—d — 2Lw,I¥ (42)
d g
Veq = 4Ld— + 2nglg (43)
This can be reformulated to
Vea +jVeq = Gri(s)(lea + jIcq) 44)

where the controller transfer function in (44) is the modified

PI controller transfer function,

(kps + jw) + ki
S

GPI(S) =

to obtain an equivalent voltage to current relation. Decompos-
ing (44) into real and imaginary part and inserting it into (42)
and (43) yields

hps+h K
Va= 2 Ty = g 4RI+,

I{?pS + ]{JI IC

(45)

(40)

kpw

Vo= o+ LG HAREE+ Ve (4D

From (46) and (47) the currents to modulate the duty cycles
are obtained by

I = wCV,
I = —wCV

(48)
(49)

In (48) and (49), steady state is assumed and the grid
current feed forward is neglected. The resulting control block
diagram is depicted in Fig. 7. The duty cycle modulator
depicted in Fig. 7 calculates duty cycles d; and ds of
modes m; and mgo using Ig" and Ig¥ are calculated by
(5). From these duty cycles, the switching signals for
switches in the input bridge (Si; - Sg;) and the output
bridge (S1, - S40) of the Dyna-C are calculated by the ‘sw
signal modulator’ in Fig. 7. To regulate the magnetizing
current, ¢z, an outer control loop is added as shown in Fig. 7.

In order to design controller parameters, the small-signal
model given by (35) - (39) can be utilized to derive the
controller to output transfer functions. The effect of a single
control input on a particular output is considered for deriving
each transfer function. As an example, the effect of control
input 41 = Mina(t) = Ueont(1, 1) on the output %d is evaluated
to find the corresponding transfer function Gi;. Therefore,
the first column of (37) given by By = BS  (n,1) where
n € {1,..,5} is used as the input vector and the output vector
C is set to

Ci=[0 1 0 0 0 (50)

The simplified state-space equation which can be utilized to
derive this transfer function is given by

dz .
d;“* A5 Fgq + Biiy (51)
faqg = C1qq (52)
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Fig. 7: Dyna-C control block diagram.

These time domain equations are transformed to the frequency
domain to obtain

sXaq(s) = A3 Xaq(s) + B1U1(s) (53)
Yiq(s) = C1 Xyq(s) (54)
Rearranging (53) and substituting it in (54) gives
I3 Y, _ e
Gu(s) = —4— = Ad‘*(s) =Cy[sI — A3 )7'By  (55)
Mina(s)  Ui(s)

The capitalized values in (55) represent Laplace domain quan-
tities. To calculate G12 and (13, the input vectors are set to
By = BS (n,2) and By = BS (n,3), where n € {1,..,5}.
The control inputs are chosen to be s = g?)(t) = TUeont(2,1)
and @3 = ds(t) = o (3,1) respectively, while the output

vector C remains the same.

Gl) = ) = Ty~ O AR B 0

Transfer functions Gy (s), Gaa(s) and Gaz(s) of current IS

are calculated by setting the output vector to
Co=[0 0 1 0 0 (58)

Thus, the six transfer functions that relate the control inputs
to the dq currents are given by

Gu = AIAE(S) G2 = ffg(s) Gi3 = I:(%(S) (59)
Mina(s) 6(s) Ds(s)

G = {5(8) = @ Gaz = If%(s) (60)
]\/[md(s) ¢(8) Dg(s)

To validate the small-signal model, the follwoing assumptions
are made. The angular displacement of the grid voltage and
reference frame is set to & = 0. This is justified because
the grid voltage v§ has its peak value at ¢ = 0 and the dg

transformation aligns the d axis with voltage v§ [9], which
is achieved in grid connected converters by a PLL [10].
Further, duty cycles d;, do are related to the modulation index
Ming as given by (2) and (3), why the dynamics in mj,g are
coupled to ds, which can be expressed by the other duty
cycles as shown earlier in (4). Under these assumptions the
converter dymanics between 1miyg and the grid currents gﬁ and
%(gl are modeled by G'1; and G21. Therefore only those transfer
functions are considered to validate the small-signal model.
Transfer functions G1; and Gy can now be used to design
the inner dg-current controller shown in Fig. 7. The controller
block diagrams for d and ¢ axis are shown in Fig. 8a and 8b,
where G117 and G2; blocks represent the dynamics of Dyna-C
converter.

y
Lol Voo Mer O
A Il / L
I,
(a) d-axis controller block diagram
Vi
1§ el : Va o] ol M, Mo | 1§
A L& / [

I,

(b) g-axis controller block diagram

Fig. 8: Controller block diagrams based on small-signal plant
transfer functions

V. RESULTS AND DISCUSSION

Transfer functions G317 and Ga; were calculated using
MATLAB. The steady state values required in the small-signal
state-space matrix (35) and input vector (37) are obtained
from a simulation of the switching model with the controller
shown in Fig. 7. The simulation parameters related to Fig.
1, where it is assumed that R = Ry, = Ry, = R, and
L =L, = L, = L. are listed in Table. II. Note ﬁéi’id is the
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line-to-ground grid voltage and the switching period is given
by 7. The bode plot and pole zero map of transfer function,

TABLE II: Simulation Parameters

Parameter |

Value

|| Parameter | Value

lg
Vg

| 277vims ||

L

| 0.2mH

e

| 6O0Hz ||

C

| 10uF

L

0.8mH ||

R

50m$2

P
Rdc

Vae

11

wres

3.5kHz H

21
res

n

|
| 15mQ ||
|
\

ol

Fig. 11. The switching model based d-axis current %" is
shown by the blue plot, while the small-signal model based
d-axis current 3" is given by the red line. The small-signal
model responds faster than the switching model as illustrated

by Fig. 11.

Bode Plot G11
100 T T T T

50 - 1

=50 |- il
=100

Magnitude (dB)

G111 are given in Fig. 9. As expected in a fifth-order system,
five poles are calculated. For the chosen operating point, it
can be seen that there are two complex conjugate pole pairs
and one real pole. They are all in the left half plane (LHP),
which is fundamental to obtain a stable system. The resonant
frequencies related to the complex conjugate pole pairs are
reflected by two peaks in the bode magnitude plot. The lower
resonance frequeny wl! of G and w?!l of G are both given
in Table II. The resonance frequencies of (G1; are above 3kHz.
(11 further contains three zeros (a complex conjugate pair and
a real zero) which are all in the right half plane (RHP). The
complex conjugate (RHP) zero causes the phase in Fig. 9 to
be at high value of 536 degrees for low frequencies.

TABLE III: Controller Parameters

Parameter | Value || Parameter | Value

A I | N

K| w0 || x|

The zeros situated in the RHP underline that the Dyna-C
converter is based on a flyback converter, which has a zero
in the RHP [11] too. Similarly, bode plot and pole zero map
for the transfer function, G'2; are shown in Fig. 10. Since the
large signal values matrix elements in (35) remain unchanged
to calculate (o1, its eigenvalues and consequently the poles
keep their values as in 11, which can be seen by comparing
Fig. 9 and 10. The real zero location remains unchanged
while the complex conjugate zero pair moves from the RHP
to LHP. The LHP zeros lead to an improvement of the
phase as opposed to GG11, where it continuously drops. A PI
controller is designed based on the switching and small-signal
model simulations and the controller parameters are given in
Table. III.

In order to validate the derived models, a step change
was introduced to d axis and ¢ axis current references in Fig.
8a and 8b. This is then compared to the step response from
the switching model controlled by the developed controller
in Fig. 7. First, the d-axis current reference is perturbed by
applying a 24A — 34A step to it, while the g-axis current
reference is kept at zero. Simulation results are shown in

[RR i

- 720 | | | |
10 10°

Phase (deg)

10? 10?
Frequency (rad/s)
Pole/Zero Map G11

xo © Zero
% Pole

Im()

° 4

2.000

I ! !
1.000 1.500 2.500

Re(®)

3.000

Fig. 9: Transfer function G

Bode Plot G21
100 T T T T

Magnitude (dB)

Phase (deg)

0 | | |
10? 10°
Frequency (rad/s)
Pole/Zero Map G21

© Zero
X Pole

1.000 1
x (] 1

~ 2.000

&

= 0

E-2000
-4.0001 © .

=500 0 500

o
x%

I ! I I
1.000 1.500 2.000 2.500

Re(7)

3.000

Fig. 10: Transfer function G'a;

The same method is applied to the g-axis current reference,
which is perturbed by a 0A — 5A step, while iﬁ is kept at 24
A. Fig. 12 shows that the small-signal value 7" deviates from
the switching model current ig™ to a lower extent as compared
to the d-axis current. The differences between the small-
signal and switching model is attributed to the simplifying
assumptions. In Fig. 11 and 12, only the transfer functions G11
and G2; are considered. Moreover, other terms that signify
cross-coupling between the d and ¢ axis currents are neglected.
To demonstrate that the outer controller in Fig. 7 is capable
in controlling the magnetizing current 7y, its step response is
evaluated as well.
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Fig. 12: Step response - ¢ axis current.

The reference before the step, is chosen such that ig has
the same value as in Fig. 11 and #§ is set to zero. Simulation
results are displayed in Fig. 13. The response has a slight
overshoot and settles to the reference value in less than 2
seconds. Since the poles are close to the imaginary axis such
a slow respance is espected. The steady state grid current
and voltage waveforms are shown in Fig 14 with the chosen
filtering arrangement and modulation strategy.

mag current reference

100 T

. . . . . . .
2.5 3 3.5 4 4.5 5 5.5
timeins

mag current sensed

@y, in A

=
=
at

2.5 3 3.5 4 4.5
timein s

Fig. 13: Step response - magnetizing current.
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Fig. 14: Simulated grid voltage and grid current in a Dyna-
C converter corresponding to steady state unity power factor
operation.

VI. CONCLUSION

In this paper, a modulation scheme and a small-signal
model for the Dyna-C ac-dc converter are proposed. The
modulation scheme is developed based on the current-source
characteristics and flyback nature of the Dyna-C converter. A
state-space based averaging technique is used to derive the
small-signal model, which is then used for designing the two
loop closed-loop control structure of the Dyna-C converter.
Deviations observed between the small-signal model and the
switching model step responses indicate that the proposed
models could be further improved. Simulation results are
presented which validate the functionality of the proposed
modulation and control approach.
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