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Abstract—Due to the limitation of existing rectifier, it is difficult
to realize the multiscale frequency regulation (FR) of rectifier
interfaced large-size (multi MW scale) load. To overcome this issue,
a novel coordinative control method of hybrid rectifier is proposed
to realize multiscale FR, and it is specifically applied in electrolytic
hydrogen production (EHP) load. The auxiliary converter in hybrid
rectifier is utilized to realize short-time/low-power/small-energy
scale FR, such as inertia support during transient state, smoothing
the rate of change of frequency and buying time for the action of
silicon controlled rectifier (SCR). SCR in hybrid rectifier takes the
responsibility of FR of long-time/high-power/large-energy scale,
such as primary or secondary FR. The operation characteristic of
large-size EHP load is reconstructed so that it obtains the multiscale
FR capability. The effectiveness of proposed method is verified by
experimental results.

Index Terms—Electrolytic hydrogen production (EHP), hybrid
rectifier, inertia support, multiscale frequency regulation (FR).

1. INTRODUCTION

ITH the increasing penetration of power electronic
W equipment in electrical power system (EPS), as shown in
Fig. 1, it is better for both the inverter-interfaced renewable en-
ergy source (or batteries) and the rectifier-interfaced adjustable
loads (as if electrolytic stack) to possess the multiscale frequency
regulation (FR) capability such as inertia support (time scale
of millisecond), primary FR (time scale of several seconds)
and secondary FR (time scale of tens of seconds) to maintain
the system frequency stability [1]. Various virtual synchronous
generator and droop control methods have been proposed for
inverters to realize FR [2], [3]. In addition, lots of studies are
conducted to achieve the FR of rectifier-interfaced adjustable
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Fig. 1. Typical structure of EPS with large penetration of power electronic
equipment.

loads. The rectifiers can be divided into two kinds according
to switching frequency: pulsewidth modulation (PWM) rectifier
and silicon controlled rectifier (SCR).

SCR has high power level, low cost, but poor dynamic per-
formance; thus, it is usually used to realize the primary and
secondary FR. For example, the author studied the viability of in-
tegration of demand side response of large scale electrolyzer fa-
cilities into electrical ancillary services markets [4]. The control
strategy of aluminum smelter loads to provide primary frequency
support based on SCR and self-saturable reactor was proposed
in [5]. In [6], the power-to-gas plant’s ability to take part in the
frequency containment control market was considered, and the
primary FR behavior of a 9 MW SCR-interfaced electrolyzer
under different power up ramp rates was studied. Whereas, it is
difficult for SCR-interfaced load to achieve inertia support due
to its slow response speed (the control period of SCR is 20 ms
for grid frequency of 50 Hz, and 16.7 ms for grid frequency of
60 Hz).

In reverse, because the PWM rectifier has fast dynamic per-
formance and flexible controllability, the multiscale FR of PWM
rectifier interfaced load can be realized. For example, the virtual
synchronous machine (VSM) control was adopted in PWM
rectifier of variable frequency air conditioner to participate in
rapid FR [7], and the secondary FR method of group of variable
frequency air conditioner was also studied. The control structure
of PWM rectifier for electrolyzer was divided into fast and slow
loops in [8], the fast loop is responsible for responding to sudden
events, such as voltage and frequency mutation, and the slow one
focuses on economic optimization and frequency restoration.
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The author proposed a control method that allows PWM rectifier
interfaced electric vehicle charger to effectively respond to grid
frequency fluctuations and add high virtual inertia by online
regulating the charging level in [9]. However, due to the low
power level and high cost of PWM rectifier, they are mainly
used in small-size (several kW to hundreds of kW scale) load.
It is uneconomical and unreliable to adopt PWM rectifier to
perform FR in large-size (multi MW scale) loads.

The hybrid rectifier consists of SCR and PWM converter in
parallel, and it is economically suitable for large-size load, in
which the SCR undertakes the main load power and the PWM
converter is utilized to compensate the ac side harmonics and dc
side ripples of SCR [10], [11]. The SCR and PWM converter in
hybrid rectifier have different power levels and dynamic perfor-
mances, thus, it is suitable to realize multiscale FR. However,
as far as the author known, there is seldom research about the
multiscale FR method of hybrid rectifier.

This letter studies the feasibility and implementation method
of multiscale FR of hybrid rectifier for large-size (multi MW
scale) load. The electrolytic stack has large capacity, flexible
consuming power and fast response speed [12], which is a natural
physical resource that can provide FR energy; thus, the proposed
multiscale FR method of hybrid rectifier is specifically applied in
electrolytic hydrogen production (EHP). A coordinative control
method of different converters in hybrid rectifier is put forward to
effectively control the response characteristic of EHP load. The
PWM converter in hybrid rectifier can provide inertia support,
smoothing the rate of change of frequency (ROCOF) and buying
time for the action of SCR, and the SCR acts as FR main
force and realizes the primary FR by regulating its firing angle.
Then, the qualitative and quantitative comparison of feasibility
of different rectifiers is presented. Finally, a laboratory-scale ex-
periment based on hybrid rectifier and electrolyzer is conducted
to verify the effectiveness of proposed method.

II. MULTISCALE FR METHOD OF HYBRID RECTIFIER

The main circuit and control block of hybrid rectifier with
multiscale FR capability is shown in Fig. 2.

The hybrid rectifier adopts the topology the author proposed
before [11], consists of a six-pulse SCR and an auxiliary con-
verter, including a PWM voltage source converter (VSC) and
a phase-shift-full-bridge (PSFB) converter. When the power
imbalance leads to frequency variation, taking the frequency
dropping as an example, the hybrid rectifier should decrease the
EHP power, which equals to output active power to ac bus, and
the equivalent output power is shown in Fig. 3.

First, the auxiliary converter rapidly adjusts the power flowing
through itself to realize the short-time/low-power/ small-energy
scale frequency support and slow down the rate of descent of
frequency. Second, the SCR acts as the main force of FR and
adjusts the hydrogen production power to achieve primary FR
and even secondary FR (in this article, the secondary FR is not
considered). Then the auxiliary converter gradually decreases its
equivalent output power for FR, and the power flowing through
auxiliary converter and SCR in steady state depends on their
droop coefficients, respectively.
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Fig. 2. Main circuit and control block of proposed hybrid rectifier with
multiscale FR capability.
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1) Control of VSC: The VSC operates with generalized droop
control (GDC), and the control equation of active power
loop is given as follows, which can provide inertia and
damping during transient state

718+ 1
(Ths+1)(Tas+ 1)
where wq is the nominal angular frequency, k,, is droop
coefficient, 71, T, and T» are different time constants

of lead or lag units, P, is the active power reference
produced by the control of dc bus voltage v, as listed

: (Ref - Paux) (1)

w=uwy+kp-

ki pc

DPrer = (kac + + k‘dDCS) (vis —ves). (2)

Through regulation of v¢s, the input active power of VSC
equals the output active power of PSFB converter in steady state.
The VSM control can also be used in VSC, the GDC is se-
lected herein because it has better power tracking performance.
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Fig. 4.  Control block of current loop of VSC.

Namely, compared with VSM control, the GDC can suppress
oscillation and reduce settling time of active power P when the
power reference P..¢ changes [13]. According to (2), the VSC
with GDC has better dc-bus voltage regulation performance than
that with VSM control.

The outputs of active power control loop and reactive power
control loop constitute the voltage reference vcg grer, and
through the control of voltage loop, the fundamental current
reference i, 4/ are produced, as shown in Fig. 2.

The harmonics i, 44, of SCR current are extracted by the high
pass filter. The d-axis current reference of VSC i 4" is consisted
of icgf” and i qp, as for g-axis, and there are

{ iCd = icap + irdn 3)
qu - Z*C'qf + irqh
Both the proportional and integral (PI) controller Gpr and
repetitive controller (RC) Grc are used in the current loop to
ensure that the d- and g-axes grid current of VSCi ¢y, , can follow
their references icq, 4, as illustrated in Fig. 4.
2) Control of PSFB converter: As shown in Fig. 2, a current
control loop is adopted, and the current reference .,
includes three parts: Aigc1, ipp, and I5,, as given in,

“)

where I, is the dc offset value, Aigc1is the ripple of
dc current of SCR, and ipp is the output of proportion
and derivative (PD) controller, which regulates the output
active power of PSFB converter according to the system
frequency and maintains the power balance inside the
auxiliary converter. Without ipp, the output active power
of PSFB converter is fixed, then for the control of VSC, itis
contradictory to regulate dc-bus voltage v, constant and
to change input active power to participate in short-time
scale FR. The structure of parallel PI regulator and RC is
utilized in the current loop of PSFB converter to make sure
that the power regulation and ripple compensation can be
realized simultaneously.

3) Control of SCR: A closed loop of dc output current of
SCR is adopted to regulate the firing angle « to guarantee
that the dc component of iy.; can follow its reference @y, ,
which consists of /1, and igy0p, as shown

igeo = lor + ipp — Aiger

)

I, decides the main hydrogen production power flowing
through SCR, which can be regulated according to the
upper level controller to take part in the secondary even

-k
ige1 = ir + Kp scr + (wg — wo)-
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Fig. 5. Simplified equivalent model of electrolyzer.

tertiary FR, and it is not considered in this article; a positive
feedback relationship between w, and igc1* is built to
realize the primary FR of SCR. For example, when the
system frequency w, drops, which indicates the generating
power deficient, and igc;* falls with w, to decrease the
hydrogen production power to maintain the system power
balance.

4) Quantified analysis of capacity proportion of converters
and design of control parameters in hybrid rectifier: From
the perspective of compensation of dc-side ripples, ac -side
harmonics and reactive power of SCR, the capacity of
VSC, PSFB converter, and SCR are 400 kVA, 100 kVA,
and 1 MVA, respectively, for a 1 MVA hybrid rectifier,
and the reason was given in [11]. Herein, the analysis of
capacity proportion of converters will be conducted from
viewpoint of FR power and energy.

First, the capacity selection and control parameter design of
SCR are presented. The operating range of proton exchange
membrane (PEM) electrolyzer is 20%—120% of its rated power
[14]. It is assumed that the steady-state operating point of elec-
trolyzer is 70% rated power in this article, and the bidirectional
adjustable power range is exactly 50%; thus, the power range
of 500 kW can be used for FR for a 1 MW electrolyzer. SCR
has certain overload ability, and a 1 MVA SCR is sufficient for
a 1 MW electrolyzer even if the electrolyzer at 120% operating
point.

The simplified equivalent model of electrolyzer is shown in
Fig. 5, the terminal voltage of electrolyzer (u,) is equal to the
sum of stack reverse voltage of electrolyzer (Ey) and the voltage
drop across all ohmic elements of the electrolyzer, for example,
busbar, cathode and anode blocks, electrolyte [15].

The stack reverse voltage (Ey) accounts for nearly 60% of
rated terminal voltage of electrolyzer [16], namely, for a 1 MW
electrolyzer with rated terminal voltage (1) of 200 V and current
(ige) of 5000 A, its stack reverse voltage is nearly 120 V; thus,
the VI relation is listed as (6) and the V—I curve of electrolyzer
is shown in Fig. 6. The 20% rated power (equaling 200 kW)
corresponds to the dc current of 1404 A, and the 120% rated
power (equaling 1.2 MW) corresponds to the dc current of 5687
A

Us = R -igc + Ey = 0.016 - 3g. + 120. (6)

According to [17], the droop coefficient m in active power
(P)—angular frequency (w) droop control is designed as (7),

m = 0w /0 Prax (N
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Fig. 6. V—I curve of electrolyzer.

where dw is the maximum allowed angular frequency deviation
and dP.x is the maximum adjustable active power range.
Therefore, the droop coefficient K,-scr of SCR in (5) between
dc output current and angular frequency can be analogously
calculated as

5687 — 1404

—6832.
27 - (50.5 — 49.5)

Kp_SCR = (SI/(S(U = (8)

Second, the relationship among capacity of auxiliary con-
verter, control parameter, and inertia and damping support ability
is analyzed. According to [13], the inertia and damping of GDC
and VSM control can be approximately equal by selecting proper
control parameters in GDC, and because the order of VSM model
is lower than GDC model, the former one is used to simplify
analysis.

Without considering primary FR function, the swing equation
of VSM and power angle are listed as (9), in which -P,, is used
to follow the inverter direction, and the transmitted active power
from ac bus to auxiliary converter is calculated as (10) when
neglecting the loss of transformer

{ Pref—(_Paux)_D'(w_wg):JWO% )
5= w—wy
Paux = VC)‘;gé (10)

where D is damping coefficient, J is the moment of inertia, wg

is nominal angular frequency, 0 is power angle, w, is angular
frequency of secondary side voltage of transformer (v, in Fig. 2),
V4is the amplitude of v, V ¢ is the amplitude of capacitor voltage
of VSC, and X is the inductive reactance of transformer and
line impedance. The small signal transfer function from Aw,
to AP,ux can be calculated as (11) combining (9) and (10).
When there is a step change of system frequency Aw g, AP;ux
is represented as (12)

Apaux o VchJwOS (11)
Awg  JwpXs2+DXs+ VeV
AP, — Ve Vg Jwos Awg. (12)

JwoXs® + DXs+ VeV, s

The step response of AP, x/Aw 4 is showninFig. 7, where V¢
=121V, V, =121V (the dc output voltage of SCR is assumed
as 200V, thus, the RMS value of v, is 85.5 V,and V, = 121 V), X
=1.256Q,D=5-10% and J = 203 kg~m2 (the inertia constant H
=0.5Jw?/S,,, in which S,, is the rated capacity of hybrid rectifier
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Fig. 7.  Step response of transfer function AP, ux/Aw,.

and equals 1 MVA, and typical H is around 2—10 s [18]; thus,
J =203 kg-m? for H = 10 s). To make sure the converter with
GDC has similar inertia and damping characteristics, the time
constant 71, T, and T can be designed according to [13].

As shown in Fig. 7, it is clear that the smallest adjustable
power range of auxiliary converter to realize inertia and damping
support is determined by the peak value Ppeak, namely, at least
60 kVA capacity should be reserved for auxiliary converter. If
the control parameters J and D, or the main circuit parameters
V¢, V4 and X change, the peak value in Fig. 7 will change and
so on the reserved capacity of auxiliary converter.

Because the PSFB converter in auxiliary converter can only
transmit power in single direction, its capacity increases from
100 kVA in [13] to 200 k VA to ensure that the auxiliary converter
has an adjustable power range of 100 kW for FR no matter
frequency rises or falls. The capacity of VSC is designed as
400 kVA in [13] to compensate the reactive power of SCR,
and it is enough to transmit the 100 kW active power for FR
but sacrificing a certain degree of reactive power compensation
ability during FR process. Except for 60 kW used to provide
inertia and damping support, there is still 40 kW active power
for primary FR; thus, the droop coefficient can be designed as
1.57-10* according to (7).

The FR energy during the transient process can be integrated
from the AP, in (12), as shown in Fig. 8, and it is much less
than the FR energy transmitted through SCR.

III. COMPARISON OF SCR, PWM RECTIFIER AND HYBRID
RECTIFIER

Different kinds of rectifiers including SCR, PWM rectifier,
and hybrid rectifier can be utilized for EHP, and they will be
compared from three aspects: the feasibility of multiscale FR;
the cost of same power level rectifier; and the reliability.

First, the feasibility of multiscale FR of EHP load based
on different rectifiers is compared. Due to the poor dynamic
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Fig. 8. FR energy for inertia and damping support during transient process.

TABLE I
COST OF DIFFERENT RECTIFIERS

Topology (1 MVA) T1 T2 T3
Transformer $20,000 $20,000 $20,300
Capacitor and inductor $ 1,100 $ 5,950 $ 4,480
Power switching device $ 3,600 $ 16,500 $ 11,800
Control, sensor, and drive circuit $ 1,500 $ 5,000 $5,100
Total $ 26,200 $ 47,450 $ 42,180

T1:6 pulse SCR T2: PWM rectifier
T3: Hybrid rectifier (200 kVA PSFB, 400 kVA VSC and 1 MVA SCR)

performance of SCR, it cannot realize the short-time/low-
power/small-energy scale FR. In reverse, the PWM rectifier
has fast dynamic performance and flexible controllability, and it
can realize multiscale FR but with high cost; thus, it is mainly
used for short-time/low-power/small-energy scale FR in most
cases. Whereas, the hybrid rectifier can realize multiscale FR
economically through the coordination of different converters.

Second, the cost comparison of different MVA level rectifiers
is given in Table I, which is based on a particular estimation
example and it can just be taken as an approximation. The cost
advantage of hybrid rectifier compared with PWM rectifier is
further expanded with increase of rectifier capacity.

Third, the reliability of these rectifiers are compared. In en-
gineering application, it is generally considered that the failure
rate of power devices is constant, and the reliability of different
power devices can be compared according to rule: low failure
rate corresponding to high reliability of power devices. The
base failure rate of thyristor is 22 FIT [19]; while the base
failure rate of insulated gate bipolar translator (IGBT) module
is estimated to be 100 FIT in the literature [20]. Thus, the
thyristor is considered to be more reliable than IGBT under the
same working conditions. SCR has highest reliability, and the
reliability of PWM rectifier is lowest. If the full function of
hybrid rectifier is considered, its reliability is lower than that of
SCR, but even if the auxiliary converter of it breaks down, the
hybrid rectifier can also operate as a common SCR, only the
power quality is not as usual and the multiscale FR capability is
loss.
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TABLE I
EXPERIMENTAL PARAMETERS

Parameter Value Parameter Value
ac bus voltage 63V rated frequency 50 Hz
dc bus voltage vy 130V dc voltage (mean) 55V
SCR capacity 50kVA VSC capacity 10 kVA
PSFB capacity SkVA

Above all, the hybrid rectifier is feasible compared with SCR
and PWM rectifier considering the multiscale FR capability,
cost, and reliability.

IV. EXPERIMENTAL RESULTS

To verify the effectiveness of proposed multiscale FR method
of hybrid rectifier, the experiment is conducted based on a
low power experiment platform including an inverter, a hybrid
rectifier, a PEM electrolyzer and an adjustable load, as shown in
Fig. 9, and the experimental parameters are given in Table II. Due
to the limited capacity of existing converters in our laboratory,
their capacity ratio is not exactly consistent with the theoretical
design mentioned earlier.

The inverter with droop control is used to mimic a weak grid;
otherwise, if the hybrid rectifier and load connect with utility
directly, when the load changes, the variation of load power will
be undertaken by utility, and it cannot reflect the FR capability of
hybrid rectifier. Because the supply voltage of electrolytic stack
in our laboratory cannot exceed 9 V, and its equivalent resistance
is 0.25 €2 and quite small. A resistor of 5 2 is connected with
electrolytic stack in series to divide voltage. The high precision
gas meter is used to measure Hy production rate.

The three-phase resistor load connecting at ac bus increases
at instant t; and the system frequency drops. When the hybrid
rectifier operates with proposed control method, the system fre-
quency changes smoothly, as shown in Fig. 10, and the ROCOF
is 0.314 rad/s, which means the EHP load with hybrid rectifier
can provide virtual inertia. In addition, as given in Table III,
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Experimental results of hybrid rectifier in which VSC operates with

TABLE III
HYDROGEN PRODUCTION RATE

After load increase
114.2 mL/min
116.7 mL/min

Before load increase
124.2 mL/min
126.9 mL/min

VSC with Droop control
VSC with GDC
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Fig. 11. EHP power flowing through SCR, VSC and hybrid rectifier when the
VSC operates with GDC.

before load increasing, the hydrogen production rate is 126.9
mL/min, and after load increasing, the hydrogen production rate
decreases to 116.7 mL/min, which represents the hybrid rectifier
decreases its hydrogen production power to realize the primary
FR.

The active power flowing through SCR, VSC and hybrid
rectifier are measured by HIOKI power analyzer 6001, updated
and recorded per 50 ms. When the load increases at 5 s, the
EHP power flowing through VSC decreases largely to provide
virtual inertia, then it returns back a few to realize primary FR,
as the red line in Fig. 11 shows. The power flowing through
SCR decreases slowly (blue line in Fig. 11) to another constant
value to realize primary FR. Above all, the total power flowing
through hybrid rectifier (green line in Fig. 11) decreases largely
at first to provide virtual inertia during transient state and then
returns to a constant value to realize primary FR.

When the VSC operates with traditional droop control, and
SCR and PSFB converter still operate with proposed control
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Fig. 13.  EHP power flowing through SCR, VSC and hybrid rectifier when the
VSC operates with traditional droop control.

method, it is easy to find that the frequency changes quickly
(ROCOF = 1.57 rad/s), as shown in Fig. 12, which means the
inertia is insufficient. The hydrogen production rate is about
124.2 and 114.2 mL/min, respectively, before and after load
changing, as given in Table III, and the difference is also about
10 mL/min. The active power flowing through VSC, SCR and
hybrid rectifier is shown in Fig. 13, no power is transmitted to
ac bus to provide virtual inertia when the load changes, and only
the primary FR is realized.

V. CONCLUSION

A novel multitime/multipower/multienergy scale FR method
of hybrid rectifier is proposed and specifically applied in EHP.
The auxiliary converter in hybrid rectifier can realize short-
time/low-power/small-energy scale FR, such as inertia and
damping support, smoothing the ROCOF and buying time for
the action of SCR. Then SCR acts as main force of FR and
realizes the primary even secondary FR by regulating its firing
angle. The operation characteristic of EHP load is reconstructed
by the coordination of converters in hybrid rectifier, obtaining
the multiscale FR capability economically.
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